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 ABSTRACT 
 Over the past two decades, it has become widely recognized that triple oxygen 
isotope anomalies (Δ'17O) in terrestrial materials have great significance in studying Earth 
surface processes. Of specific relevance to this dissertation, it has been shown that the 
Δ'17O of water records environmental information related to aridity, and the Δ'17O of 
atmospheric O2 is related to stratospheric photochemistry, the partial pressure of 
atmospheric CO2 (pCO2), and global primary productivity (GPP). Vertebrates incorporate 
the Δ'17O signal of input water (drinking water, free food water, etc.) and atmospheric O2 
into body water, and this signal is then preserved in the isotopic composition of 
biominerals. Hence, Δ'17O of biominerals is an appealing tracer of paleoaridity and paleo-
carbon-cycling. The major objective of this dissertation is to develop approaches to fully 
realize the potential of biomineral Δ'17O in paleoclimate studies. To enable these studies, 
I contributed to the development of a new high-precision (±0.01‰, 1σ) method for Δ'17O 
analysis of carbonates that allows subtle triple oxygen isotope variations to be resolved 
with unprecedented detail (Passey et al., 2014). In this dissertation, I develop a triple 
oxygen isotope mass balance body water model, examine the influence on animal body 
water Δ'17O of numerous climatic, ecological, and isotopic variables, and evaluate the 
model against triple oxygen isotope data from modern and fossil animals. I then apply the 
analytical method to fossil dinosaurian eggshell of Jurassic and Cretaceous age, use the 
body water model to interpret the relationships between Δ'17O of dinosaur body water and 
Δ'17O of atmospheric O2 [Δ'17O(O2)], and reconstruct the Δ'17O of paleo-atmospheric O2. 
Cretaceous fossil samples indicate slightly lower or similar Δ'17O(O2) values relative to 
modern days, pointing to slightly higher pCO2 or similar to slightly lower GPP. Late 
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Jurassic samples indicate anomalously low Δ'17O values, pointing to pCO2 several times 
higher than present (1490±780 ppm, when assuming present day GPP), reduced GPP, or 
a combination of both. In summary, this dissertation provides a fundamental triple 
oxygen isotope body water model for interpreting environmental and physiological 
influences, and a unique approach of using Δ'17O to investigate pCO2 and carbon cycling 
of the past. 
 
Advisor: 
Benjamin H. Passey, PhD, Department of Earth and Planetary Sciences 
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CHAPTER 1: INTRODUCTION 
The oxygen isotope compositions of atmospheric gases, meteoric waters, polar 
ice, biogenic minerals, and other natural materials record information about atmospheric 
chemistry, the hydrological cycle, past climates, and biogeochemical processes (Urey, 
1952; Francey and Tans, 1987; Gat, 1996; Zachos et al., 2001; Kohn and Cerling, 2002). 
In addition, the oxygen isotope compositions of biominerals such as eggshell carbonates 
and tooth enamel apatite have been widely used for paleoclimate reconstructions, 
including reconstructing paleo-water composition, paleo-aridity, and paleo-temperature 
(Luz and Kolodny, 1985; Lécuyer et al., 1996; Picard et al., 1998; Wenzel et al., 2000; 
Dettman et al., 2001). All of these studies have focused on 18O/16O, and largely or 
completely ignored variations in 17O/16O. It was long believed that 17O/16O strictly 
follows a slope of ~ 0.52 relative to 18O/16O during mass dependent fractionations (MDF) 
at Earth surface temperatures, and hence little additional information would come from 
measuring 17O/16O. Moreover, the lack of high precision analytical methods for 
measuring 17O/16O in CO2 has served as a major roadblock to developing the study of 
17O/16O in carbonates and biominerals.  
Within the past two decades, the assumption of a fixed relationship between 17O 
and 18O has been conclusively shown to be incorrect following on the development of 
high precision methods for triple oxygen isotope analysis (Meijer and Li, 1998; Angert et 
al., 2004; Barkan and Luz, 2007; Rumble et al., 2007; Luz and Barkan, 2010; Levin et al., 
2014; Pack and Herwartz, 2014; Passey et al., 2014), and following on refinement of 
theory (Matsuhisa et al., 1978; Young et al., 2002; Barkan and Luz, 2007; Cao and Liu, 
2011). For background, the mass dependent relationship (MDF) can be represented as: 
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δ'17O = 𝜃  ×  δ'18O, where δ' = ln δ+ 1 = ln (Rsa Rst ), and Rsa and Rst refer to xO/16O 
ratios of samples and standards, respectively (Hulston and Thode, 1965; Mook, 2000; 
Young et al., 2002). Variations in the fractionation exponent θ will cause anomalies in 
17O relative to a reference 17O – 18O line. Here we define the 17O-anomalies as: Δ'17O = 
δ'17O – λref  ×  δ'18O, in which we choose λref  = 0.528, the slope of global meteoric water 
line (Meijer and Li, 1998; Luz and Barkan, 2010) as reference in this study. (Note that θ 
and λ are mathematically equivalent, but that θ is generally used for simple processes, 
like fractionations between two phases, whereas λ is generally used for the regression 
δ'17O vs. δ'18O trend of numerous related samples.) Variations in θ values for different 
MDF processes may lead to variation in Δ'17O values of oxygen bearing materials. 
Measureable Δ'17O variations have been observed from various materials, such as 
seawater and meteoric waters (Luz and Barkan, 2010), leaf waters (Landais et al., 2006), 
snow and ice (Landais et al., 2012), and rocks and minerals (Levin et al., 2014; Pack and 
Herwartz, 2014; Passey et al., 2014). For hydrological cycle studies, Δ'17O has been used 
to distinguish kinetic (non-equilibrium) fractionations. Theoretical and empirical studies 
indicate that kinetic fractionation reactions often have lower θ values than equilibrium 
fractionation reactions (Young et al., 2002; Angert et al., 2004; Landais et al., 2006; 
Barkan and Luz, 2007; Uemura et al., 2010; Cao and Liu, 2011). For instance, 
equilibrium fractionation between liquid water and water vapor follows a slope of θequil ≈ 
0.529 (Barkan and Luz, 2005), while diffusion of water vapor follows a slope of θdiff ≈ 
0.518 (Barkan and Luz, 2007). Therefore, waters affected by evaporation should have 
lower Δ'17O values than nonevaporated waters, and hence Δ'17O is potentially a good 
tracer of hydrological and ecophysiological fluxes that involving evaporation.  
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In terms of the actual analysis of Δ'17O in CO2, carbonates, and biominerals, 
precise measurement has been impeded because the 17O CO2 isotopologue, 12C17O16O, 
has the same nominal mass as the 13C isotopologue, 13C16O16O, and therefore cannot be 
uniquely resolved by conventional isotope-ratio mass spectrometers. Previous analytical 
methods for CO2 have been limited in low precision (Brenninkmeijer and Röckmann, 
1998; Assonov and Brenninkmeijer, 2001; Mahata et al., 2012), requiring excessively 
large samples (Hofmann and Pack, 2010), or in involving complex analytical procedures 
(Barkan and Luz, 2012). In our laboratory, we have developed a new method for analysis 
of CO2 and carbonates, and have achieved a precision of Δ'17O ~ 0.010‰ (1𝜎) for 
analysis of 101-102 𝜇mol quantities of CO2 and carbonates (Passey et al., 2014). The 
efficient and relatively safe procedure consists of an acid digestion 
( 2H++CO3
2- 100%H3PO4,90°C⎯ →⎯⎯⎯⎯ CO2+H2O ), a reduction reaction 
( ), and a fluorination reaction 
( ). Finally, the product O2 is appropriate for 
mass spectrometry analysis, as there are no interfering isobars. Compared to other 
methods, this method not only has high precision for Δ'17O, but also has a relatively small 
sample size requirement, and is rapid and fairly simple. Establishment of this method 
makes further applications of triple oxygen isotope research in carbonates possible. 
The triple oxygen isotope composition of biominerals, such as eggshell carbonate 
and tooth enamel apatite, should primarily reflect the triple oxygen isotope compositions 
of their parent waters (body water). Body water isotopic compositions are closely related 
to relative humidity, animal physiology and diet, the isotopic compositions of drinking 
water (surface water) and atmospheric O2, and many other factors. Atmospheric O2 is an 
CO2 + 4H2 Fe,560°C! →!!! CH4 + 2H2O
2H2O + 4CoF3
350°C! →!!  4CoF2  + O2  + 4HF
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isotopically unique oxygen source for animal body water, as it has significantly lower 
Δ'17O values relative to other oxygen sources (Barkan and Luz, 2011; Young et al., 2014). 
The Δ'17O signatures of atmospheric O2 originating from the mass independent 
photochemical reactions in the stratosphere are modified by photosynthesis and 
respiration, and hence carry a signature of global primary productivity (GPP) and the 
partial pressure of CO2 (pCO2) (Yung et al., 1991; Luz et al., 1999; Bao et al., 2008; Cao 
and Bao, 2013; Young et al., 2014). Several Δ'17O budget models of atmospheric O2 have 
been built to predict the numerical relationship among Δ'17O(O2) – pCO2 – GPP (Cao and 
Bao, 2013; Young et al., 2014). Meanwhile, atmospheric O2 is incorporated into body 
water by respiration, represented by equations such as CH2O + O2 à CO2 + H2O. This 
means that the oxygen isotope compositions of fossil biominerals record information of 
Δ'17O of paleo-atmospheric O2, and can be used to reconstruct partial pressure of CO2 of 
the past (Pack et al., 2013; Gehler et al., 2016). 
Although there are several mass balance models considering 18O/16O influxes and 
effluxes through the animal to understand the influences of climate and physiological 
factors on animal body water compositions (Luz and Kolodny, 1985; Bryant and Froelich, 
1995; Kohn, 1996), information from 17O/16O is still crucial in order to better constrain 
environmental conditions and animal physiological characters, and to predict the relative 
proportion of atmospheric O2 input to other oxygen sources. Pack et al. (2013) developed 
a triple oxygen isotope model based on the steady-state mass balance 18O/16O model of 
Bryant and Froelich (1995), which assumes that different oxygen fluxes scale with 
animal body mass. They used the mass-dependent scaling relationships to predict the 
relative proportions of atmospheric O2 inputs, then calculated Δ'17O(O2) values of the past 
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from Δ'17O data of fossil mammal samples, and hence reconstructed pCO2 of the past. 
However, the scaling assumption commonly has poor predictive powder as it overlooks 
many specific physiological and taxon-level effects on animal water flux rate. The 
18O/16O body water model of Kohn (1996) suggests that the oxygen influxes and effluxes 
of animal body water should be calculated by accounting for specific conditions, 
including diet, behavior, physiology, and environmental conditions. Especially for triple 
oxygen isotope studies, variations in body water Δ'17O are not only caused by variations 
in Δ'17O of atmospheric O2, but also by Δ'17O variations in meteoric waters and food 
waters (e.g., leaf water and stem water) resulting from evaporation. Therefore, more 
accurate triple oxygen isotope body water models are essential in order to determine the 
influence of environmental and physiological effects on animal body water compositions, 
and to better interpret the degree of dilution of the atmospheric O2 signal in total animal 
body water by other sources of oxygen. 
In this thesis, I will first present a 17O-enabled body water model based on the 
18O/16O of Kohn's 1996 model (Chapter 2) for interpreting variations in body water triple 
oxygen isotope compositions to effects from diet, physiology and environmental 
conditions. I also explore the sensitivity of the model to climate and physiology 
variations, examine general predictions of the model with data from bird eggshells and 
mammal teeth, and present a case study of applying this model to climate and physiology 
studies. In Chapter 3, I present a triple oxygen isotope dataset of 71 dinosaurian eggshell 
carbonates ranging in age from Late Jurassic to Late Cretaceous. Then, I use the body 
water model of Chapter 2 to model the isotopic relationships between atmospheric O2 and 
animal body water, and hence constrain the past Δ'17O of atmospheric O2. Finally, I infer 
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aspects of Mesozoic carbon cycling, including pCO2 and GPP, using the reconstructed 
Δ'17O of O2 and the Δ'17O budget model of Cao and Bao (2013). The combined outcome 
of these studies should lead to breakthroughs in using triple oxygen isotope for 
paleoclimate reconstructions, especially for paleo-carbon-cycling reconstructions. 
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CHAPTER 2: MODELING AND INTERPRETING TRIPLE OXYGEN ISOTOPE 
VARIATIONS IN ANIMAL BODY WATER 
Abstract 
The 18O/16O ratios of biominerals have been widely used for reconstructing 
ecophysiology and climatic settings of modern and extinct animals. However, the 18O/16O 
ratios of body water, which largely determine the 18O/16O ratios of biominerals, are 
influenced by a host of competing factors.  Regional climate and local hydrology are 
dominant controls on water isotopic composition before water is consumed by an animal.  
Behaviorial and physiological factors, modified by local climate, also have a strong 
influence on body water compositions.  The addition of a third isotope, 17O (expressed as 
Δ'17O) potentially allows for further resolution of these factors.   Here we construct a 
triple oxygen isotope mass balance body water model and examine the influence on 
animal body water Δ'17O of numerous climatic, ecological, and isotopic variables. We 
evaluate the model against new and previously published triple oxygen isotope data from 
modern and fossil animals. The model predicts that animals from arid environments will 
have wider ranges and lower minimum values of body water Δ'17O than animals living in 
humid environments. Leaf water consumers are more sensitive to variations in relative 
humidity and have lower Δ'17O than surface water consumers, which more closely track 
meteoric water compositions. Factors such as body mass and relative proportions of 
evaporative versus nonevaporative effluxes from the animal have a lesser influence on 
animal Δ'17O. If δ'18O of meteoric water is invariant, body water isotopic compositions 
will form approximately linear arrays in Δ'17O versus δ'18O space with slopes of ~0.52.  
Study of Δ'17O becomes most useful when δ'18O of meteoric water is variable or unknown 
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(as is generally the case for fossil animals); in this case δ'18O of body water responds 
more strongly to changes in isotopic composition of meteoric water, whereas Δ'17O of 
body water responds more strongly to changes in relative humidity and evaporated water 
inputs.  These predictions are generally supported by observations of Δ'17O for modern 
animals, and suggest that Δ'17O analysis of animal tissues has great potential as a paleo-
aridiy proxy in continental environments, as a proxy for learning about the water balance 
ecology of modern and extinct animals, and as a basis for reconstructing the Δ'17O of 
ancient atmospheric O2. 
 
2.1.  INTRODUCTION 
The oxygen isotope composition of animal body water is closely related to animal 
physiology, diet, habitat, and climate (Longinelli, 1984; Luz et al., 1984; Luz and 
Kolodny, 1985; Levin et al., 2006; Daux et al., 2008; Chenery et al., 2010). Biominerals 
such as eggshell carbonate or tooth enamel bioapatite inherit their oxygen isotope 
compositions from animal body water. In aquatic invertebrates, 18O/16O compositions of 
biominerals depend mainly on their parent water compositions (continental surface 
waters or seawater) and mineralization temperature, and hence can be used for 
reconstructing both paleo-water compositions and paleo-temperature (Luz and Kolodny, 
1985; Lécuyer et al., 1996; Picard et al., 1998; Wenzel et al., 2000). But for terrestrial 
vertebrate biominerals, 18O/16O compositions are strongly influenced by relative humidity, 
diet, isotopic composition of atmospheric O2, and many other factors (Longinelli, 1984; 
Ayliffe and Chivas, 1990; Luz et al., 1990; Ayliffe et al., 1992; Fricke et al., 1998b; 
Levin et al., 2006; Clementz et al., 2008).  Many terrestrial animals are endothermic or 
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otherwise maintain a narrow range of body temperatures, meaning that variation in 
18O/16O ratios of biominerals largely reflects variation in 18O/16O ratios of body water. 
In order to understand the influence on animal body water isotopes of climate, 
animal physiology and dietary selectivity, several mass balance models of oxygen isotope 
fluxes through the animal have been built (Luz and Kolodny, 1985; Luz et al., 1990; 
Bryant and Froelich, 1995; Kohn, 1996; Podlesak et al., 2008; Pack et al., 2013). 
However, with the exception of the pioneering study by Pack et al. (2013), these models 
consider only 18O/16O and not the third oxygen isotope, 17O. Study of 17O/16O has been 
limited in part because of a belief that little additional information would come from 
17O/16O, as the three oxygen isotopes have been demonstrated to follow mass dependent 
fractionation (MDF) laws during isotope exchange processes, that is, fractionation in 
17O/16O is approximately half of fractionation in 18O/16O. In other words, there has been 
little motivation to measure 17O/16O because it was thought that its value could be 
predicted based on the much more easily measured ratio 18O/16O. Moreover, high 
precision measurement of 17O/16O in carbon dioxide (as may be liberated from biogenic 
carbonates and bioapatites by phosphoric acid digestion) has only recently been realized 
(Barkan and Luz, 2012; Passey et al., 2014; Barkan et al., 2015; Mahata et al., 2016).  
The assumption of a fixed relationship between 17O/16O and 18O/16O is only valid 
to the first order, and analytical precision is now sufficient to resolve subtle variations in 
the mass dependent relationship, that is, variations in the 2nd and 3rd decimal place in the 
fractionation exponent θ. (For a complete explanation of triple oxygen isotope 
nomenclature specifically used in this paper, we refer the reader to Section 1 of Passey et 
al., 2014, and references therein).  The MDF law can be written as: (Mook αA-B17 = αA-B18( )θA-B
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and Rozanski, 2000), where θA-B is the specific MDF exponent between phases A and B, 
approximately equal to 0.52 for physical and chemical processes at Earth surface 
temperatures (Matsuhisa et al., 1978; Clayton and Mayeda, 1996; Miller, 2002; Young et 
al., 2002; Rumble et al., 2007), and  is fractionation factor ( = ) between 
phase A and phase B, where xR refers to isotopic ratios xO/16O (x = 17 or 18). Oxygen 
isotope compositions in different materials are expressed in δ and δ' -notations: 
 and . Finally, we can calculate the deviation 
of 17O/16O from an expected relationship with 18O/16O as:  
Δ'17O = δ'17O – λref × δ'18O              (1) 
Here we use  λref = 0.528, the slope of the global meteoric water line (Meijer and Li, 1998; 
Luz and Barkan, 2010), and we follow the recommendation of Young et al. (2014) to 






δ xO =103( xRsa /
xRst -1) δ '
x O =103 ln( xRsa /
xRst )
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Figure 2-1. Measured, modeled and schematic triple oxygen isotope compositions of natural waters, 
evaporated waters, plant waters, atmospheric oxygen, animal body water and inputs and outputs for the 
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animal body water. Note that the axis scales are uniform except for Figure 2-1d and 2-1e. (a) Primary 
oxygen sources, including sea water (Luz and Barkan, 2010), meteoric water (Landais et al., 2010; Luz and 
Barkan, 2010) and tap water (Li et al., 2015), snow and ice (Landais et al., 2008; Landais et al., 2012a; 
Landais et al., 2012b; Steig et al., 2013; Schoenemann et al., 2014), and soil water reconstructed from soil 
carbonates (Passey et al., 2014). (b) Isotopic evolution of water bodies through simple pan evaporation. 
Filled diamond, square and circle are initial waters of different isotopic composition. The open diamonds 
show results for evaporation of water in a laboratory (Luz and Barkan, 2010); the open squares show trend 
of evaporation for Helmand River System waters (Surma et al., 2015). The solid lines show modeled 
evolution of evaporating waters with different initial compositions for evaporation under rh  = 0.7 (blue 
line), rh = 0.3 (red line) and rh = 0.8 and 0.5 (black lines). The fractions of remaining initial water masses 
decrease from top to bottom. The models are based on equations 4.35a–c of Criss (1999), using 
fractionation factors reported in Friedman and O’Neil (1977), Barkan and Luz (2005), and Barkan and Luz 
(2007), and assuming that atmospheric water vapor is in isotopic equilibrium with waters of the initial 
isotopic composition. (c) Plant water compositions and leaf water models. Measured isotopic compositions 
of soil, stem and leaf waters are from Landais et al. (2006). We also modeled evolutions of leaf waters 
based on the 18O/16O leaf water model of Roden and Ehleringer (1999) and use the humidity related l values 
from Landais et al. (2006) to calculate the Δ'17O values for leaf water. Model outputs with two different 
water sources (stars) are shown in two solid lines. Filled dots indicate relative humidity, which decreases 
from top to bottom. (d) Different measurements of atmospheric O2 isotopic compositions (Barkan and Luz, 
2005, 2011; Young et al., 2014) and calculated isotopic compositions of lung absorbed O2. We use a 
fractionation exponent between lung absorbed O2 and atmospheric O2 is 0.5179 (Luz and Barkan, 2005) 
and a 18O/16O fractionation factor of 0.9930 (following Kohn, 1996). The filled circle is a schematic body 
water composition for comparison. (e) Fractionated oxygen effluxes of an animal. Isotopic compositions of 
all effluxes are calculated based on a schematic body water composition shown in grey filled circle. 
Fractionation exponents and factors are shown in detail in Table 2-4. (f) Unfractionated oxygen effluxes of 
an animal. Oxygen effluxes shown in this figure are unfractionated waters of body water, and hence have 
the same isotopic compositions as animal body water. 
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Because different fractionation processes have different θ values, oxygen isotope 
compositions may deviate from a single δ'17O - δ'18O reference line (i.e., they may have 
variable Δ'17O values). Of relevance to the global water cycle, including water in plants 
and animals, studies show that kinetic processes often have relatively low θ  values [e.g., 
θdiff = 0.519 for diffusion of H2O vapor through air; Barkan and Luz (2007), Young et al. 
(2002)], while equilibrium processes typically have higher θ values [e.g., θeq 
= 0.529 for equilibrium fractionation between liquid and vapor water; Barkan and Luz 
(2005)]. At Earth surface temperatures, these θ values appear to be relatively insensitive 
to temperature change (e.g., Cao and Liu (2011); Hofmann et al. (2012)).    
Because of the differences in θ values between kinetic and equilibrium processes, 
Δ'17O is potentially a good tracer of hydrological and ecophysiological fluxes involving 
evaporation (which has a strong kinetic component, especially at low relative humidity) 
versus those involving condensation and advection, such as dominates in Rayleigh 
distillation of atmospheric water masses (quasi-equilibrium condensation and advection), 
or in nonevaporating transfers of waters (advection). The slope of the triple oxygen 
isotope global meteoric water line (GMWL), λref = 0.528, reflects this dominance of 
equilibrium processes (θeq = 0.529; see Luz and Barkan (2010) for a detailed explanation 
of how the slightly lower GMWL slope of 0.528 arises). Because the fractionation 
exponent for diffusion of water vapor through air is lower (θdiff = 0.519) than the GMWL 
slope, waters affected by evaporation, although enriched in 17O/16O, have a deficit in 
17O/16O relative to 18O/16O, and hence will have low Δ'17O compared to nonevaporated 
waters. 
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Several studies have examined triple oxygen isotope compositions of natural 
waters, including polar snow and ice (Landais et al., 2008; Landais et al., 2012a; Landais 
et al., 2012b; Schoenemann et al., 2014), relatively unevaporated surface waters and tap 
waters (Luz and Barkan, 2010; Li et al., 2015), evaporated surface waters (Surma et al., 
2015), and leaf waters (Landais et al., 2006).  Figure 2-1a shows the triple oxygen isotope 
compositions of relatively unevaporated meteoric waters, while Figure 2-1b shows 
evaporated waters and Figure 2-1c shows measured and modeled leaf water compositions 
with two different source water compositions. With decreasing relative humidity, 
evaporated waters and leaf waters tend to have higher δ'18O and lower Δ'17O values. In 
Figure 2-1c, the points labeled A and B are schematic leaf waters with identical δ'18O 
compositions, but from different environmental conditions and with different source 
water compositions. These two scenarios would be indistinguishable in studies measuring 
only δ'18O.  By introducing Δ'17O, it becomes possible to gain additional aridity and 
source water information.  
Atmospheric O2 is a significant oxygen source to animal body water, and it carries 
a highly anomalous Δ'17O value (Fig. 2-1d) related to mass dependent fractionation 
associated with the Dole effect (that is, the steady-state enrichment in heavy 
isotopologues of O2 related to isotopic discrimination during respiration by Earth's biota; 
Dole, 1935; Young et al., 2002; 2014) and mass-independent fractionations (MIF) in the 
stratosphere. Note that all of the fractionation processes discussed above are mass 
dependent fractionations (MDF). In contrast, MIF is independent of the mass differences 
between isotopes, and can lead to large Δ'17O values. These processes commonly follow a 
relationship of  (Thiemens and Heidenreich, 1983; Thiemens et al., 1995). The α17 ≈α18
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origin of mass-independent 17O anomalies in the atmosphere is photochemical reactions 
among oxygen-bearing gases in the stratosphere, leading to an extremely 17O-enriched O3 
and CO2, and 17O-depleted O2. Following transport into the troposphere, the anomalous 
Δ'17O of CO2 and O2 is sequestered to the hydrosphere by the action of photosynthesis 
and respiration. Hence the Δ'17O of atmospheric CO2 and O2 is controlled by a ‘tug of war’ 
(Yung et al., 1991) between isotope anomaly production in the stratosphere and isotope 
anomaly sequestration to the hydrosphere (which contains vastly more O than the 
atmosphere and hence can be approximated as an infinite sink). As a consequence, the 
Δ'17O of atmospheric CO2 and O2 carries a signature of gross primary productivity (GPP) 
and the atmospheric O2/CO2 ratio. (Yung et al., 1991; Luz et al., 1999; Bao et al., 2008; 
Cao and Bao, 2013; Young et al., 2014). Although there is some disagreement as to its 
exact isotopic composition, it is clear that tropospheric O2 (Fig. 2-1d) is very low in Δ'17O 
(Barkan and Luz, 2005, 2011; Young et al., 2014). Thus, O2 and CO2 are good tracers for 
studying stratospheric photochemical reactions and the global carbon cycle. Animals 
incorporate O2 through oxidation of reduced carbon (CH2O + O2 à CO2 + H2O) and 
thereby partly inherit the anomalous Δ'17O signal of O2. Therefore, biominerals forming 
in equilibrium with body water also track the isotopic composition of atmospheric O2 and 
can be used to reconstruct Δ'17O of ancient atmospheric O2 (Pack et al., 2013). 
Detailed and accurate triple oxygen isotope body water models are essential for 
determining the influence of environmental and physiological effects on animal body 
water compositions, and for determining the degree of dilution of the atmospheric O2 
signal in total animal body water by other sources of oxygen. Pack et al. (2013) 
developed a triple oxygen isotope model based on the steady-state mass balance 18O/16O 
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model of Bryant and Froelich (1995), which assumes that different oxygen fluxes scale 
with animal body mass.  For example, the model assumes that the relative proportion of 
'drinking water' (that is, water ingested by drinking from streams, rivers, puddles, ponds, 
and lakes) scales directly with body mass, with larger animals consuming proportionally 
more drinking water than smaller animals.  However, the body mass-dependent scaling 
relationships commonly have poor predictive power (i.e., R2 values are low for 
regressions between specific variables and body mass), and they overlook many specific 
physiological and taxon-level effects on animal water flux rate.  Water flux rates vary 
between field and captive animals (Nagy, 1988), between juvenile and adult animals 
(Williams et al., 1993), and between desert-adapted animals and non-desert-adapted 
animals (Nagy, 2004), and cannot be precisely scaled by body mass.  We describe an 
alternative 17O-enabled body water model based on the steady-state mass balance 18O/16O 
body water model of Kohn (1996), which does not assign relative oxygen fluxes based on 
mass, but rather uses specific information about diet, behavior, physiology, and 
environmental conditions to calculate relative fluxes.  
In this paper, we present the 17O-enabled adaptation of Kohn's 1996 model, and 
then we explore the sensitivity of the model to parameter variation.   We then examine 
general predictions of the model in the context of new and previously published data 
from bird eggshells and mammal teeth data.  We present a case-study of recent Emu 
(Dromaius) based on modern eggshell samples collected from across Australia, and we 
conclude with a summary of the main findings of the present work. 
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2.2.  MATERIALS AND METHODS 
2.2.1.  Materials 
We assembled and analyzed a variety of modern bird eggshell and mammalian 
tooth enamel samples, including wild emu eggshell from Australia (×15), wild bird 
eggshell from Baltimore, USA (×7), and wild mammal tooth enamel from Kenya and 
Utah (×3).  We combined isotopic data from these new samples with the modern eggshell 
and tooth enamel data reported in Passey et al. (2014).  We also discuss briefly the tooth 
enamel data presented by Pack et al. (2013), which was generated using a different 
analytical method targeting the phosphate component of tooth enamel.  Sample 
information is summarized in Table 2-1. 
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Table 2-1. Sample Information 
Sample ID                     Species/taxon/description                Location/Formation                Latitude   Longitude   Elevation  T (°C)a Rh (%)a 
Australian emu eggshell   
BC 608 Emu, Dromaius  Dulkanina, SA 29.0 S 138.5 E 29 m 13.7 50.3 
BC 609 Emu, Dromaius Roseberth, QLD 26.0 S 139.5 E 51 m 15.4 42.6 
BC 611 Emu, Dromaius Marion Downs, QLD 23.3 S 139.4 E 131 m 16.9 37.5 
BC 612 Emu, Dromaius Carpentaria Downs, QLD 18.5 S 144.2 E 474 m 19.4 54.2 
BC 613 Emu, Dromaius Millungera, QLD 20.0 S 141.5 E 96 m 20.3 39.7 
BC 615 Emu, Dromaius Millungera, QLD 20.0 S 141.5 E 96 m 20.3 39.7 
BC 616 Emu, Dromaius Olga Downs, QLD 20.5 S 143.2 E 209 m 18.8 44.0 
BC 623 Emu, Dromaius Wirrona, NSW 30.2 S 147.3 E 124 m 13.0 58.6 
BC 628 Emu, Dromaius Glenormiston, QLD 23.0 S 139.0 E 155 m 16.9 37.1 
BC 629 Emu, Dromaius North Simpson, VIC 38.5 S 143.2 E 159 m 10.0 74.8 
BC 630 Emu, Dromaius Wilpoorinna, SA 30.0 S 138.3 E 82 m 12.6 53.2 
BC 894 Emu, Dromaius Mildura, NSW 34.2 S 142.2 E 56 m 11.1 67.9 
BC 975 Emu, Dromaius Muloorina, SA 29.2 S 138.0 E 65 m 13.6 50.7 
BC 977 Emu, Dromaius Muloorina, SA 29.2 S 138.0 E 65 m 13.6 50.7 
BC 1035 Emu, Dromaius Cuddie Springs, NSW 31.0 S 146 E 220 m 11.7 58.5 
Baltimore bird eggshell   
USABAL-Bird-2 Unknown; ~2 cmb, white Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
USABAL-Bird-3 Unknown; ~1 cmb, light blue Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
USABAL-Bird-4 Unknown; ~2 cmb, teal Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
USABAL-Bird-5 Unknown; ~1.5 cmb, light blue Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
USABAL-Bird-6 Unknown; ~1.5 cmb, dark blue Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
USABAL-Bird-7 Unknown; ~1.5 cmb, white Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
USABAL-Bird-8 Unknown; ~1.5 cmb, grey Baltimore, USA 39.3 N 76.6 W 50 m 12.2 61.9 
Mammalian tooth enamel   
K00-TSV-113 Giraffe, G. camelopardalis Tsavo West NP, Kenya 2.8 S 38.8 E – 26.0 63.3 
UT-deer White tailed deer, O. virginianus Parowan, UT, USA 37.8 E 113.0 W 1864 m 8.1 46.8 
AIJB-B3-T4-DP4 Bison, B. bison Antelope Island, UT, USA 40.9 E 112.2 W 1446 m 10.6 55.1 
a. Climate data are from the CRU 2.0 gridded climate dataset (New et al., 2002). See Table A2.2 for more inforamtion  For Australian 
localities, temperature (T) and relative humidity (Rh) values are averages for the coolest four months of the year, which is the typical egg-laying 
season for Emu.  For Baltimore localities, T and Rh are averages for March through May, the spring egg-laying season during which these 
samples were collected.  For the Utah and Kenya localities (mammal samples), we use mean annual averages of T and Rh, in light of the long 
duration of tooth enamel mineralization and hence time-averaging of isotopic signals. 
b.  Approximate minor-axis diameter of eggshell. 
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The Australian emu (Dromaius novaehollandiae) eggshells are from wild birds 
and were collected from localities across Australia with varying climate during breeding 
season (Table 2-1), and are a subset of the samples studied by Johnson et al. 1999). The 
Baltimore wild bird eggshells are opportunisitcally collected, recently hatched eggshells 
of unknown species. These eggshells vary in color and size as indicated in Table 2-1, and 
are suspected to be primarily pigeon (Columbidae), starling (Sturnidae), and robin 
(Turdidae). The mammalian tooth enamel samples are of white-tailed deer (O. 
virginianus) from Parowan, Utah, a bison (B. bison) from Antelope Island, Utah, USA, 
and a giraffe (G. camelopardalis) from Tsavo West National Park, Kenya.  
 
2.2.2.  Methods 
We followed the triple oxygen isotope analytical methods described in Passey et 
al. (2014). Briefly, the analytical procedure involves phosphoric acid digestion of 
carbonate (or bioapatite) (CaCO3 + 2H+ à Ca++ + CO2 + H2O, 90 °C), reduction of the 
purified CO2 product by hydrogen over hot Fe catalyst (CO2 + 4H2 à CH4 + 2H2O, 
560 °C), fluorination of the purified H2O product (H2O + 2CoF3 à 2CoF2 + 2HF + 1/2 
O2, 360 °C), and analysis of the purified O2 by extended-collection-time dual inlet mass 
spectrometry. Generally, ~7-9 mg of eggshell calcite (CaCO3) or ~90-150 mg of tooth 
enamel apatite (Ca5(PO4,CO3)3(OH,CO3)) is sufficient for one analysis.  We report our 
δ17O, δ18O and Δ'17O values in ‰ (parts per thousand) relative to VSMOW2 (δ18O ≡ 0‰, 
δ17O ≡ 0‰) and SLAP2 (δ18O ≡ –55.5‰, δ17O ≡ –29.6986490‰) scale with a reference 
slope of λ = 0.528, using the recommendations in Schoenemann et al. (2013).   Further 
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details of the data normailization scheme can be found in Appendix A of Passey et al. 
(2014).   
During the course of the study we repeatedly analyzed the international standards 
NBS-18 and NBS-19, and in-house standards 102-GC-AZ01 (a groundwater carbonate) 
and Tank#2 CO2 (gas drawn from a size K cylinder of research grade CO2).  From 
January 2014 to August 2015, we observed the following values for these materials (± 
values are 1σ):  NBS-18, n = 13, δ'18O = 15.1 ± 0.4‰, Δ'17O = –0.103 ± 0.013‰; 
NBS-19, n = 16, δ'18O = 36.3 ± 0.5‰, Δ'17O = –0.143 ± 0.009‰; 102-GC-AZ01, n = 9, 
δ'18O = 23.6 ± 0.6‰, Δ'17O = –0.111 ± 0.009‰; Tank#2 CO2, n = 18, δ'18O = 31.5 ± 
0.4‰, Δ'17O = –0.119 ± 0.009‰.  These values are statistically indistinguishable from 
values reported for the same materials in Passey et al., (2014), except for 102-GC-AZ01, 
which on average was 0.017‰ higher in Δ'17O during the course of this study. 
 
2.3.  MODEL DESCRIPTION 
  The model is a triple oxygen isotope-enabled version of the Kohn (1996) animal 
body water 18O/16O model, which is a steady-state mass balance model.  It is a general 
model applicable to terrestrial vertebrates, including birds, mammals, and reptiles.  A 
principal feature of the model as conceived by Kohn (1996) and retained here is 
flexibility in accounting for a range of dietary and physiological adaptations of different 
species, and of behaviors and climatic contexts of individual animals.  As explained in 
more detail below, the core of this approach is to calculate the total oxygen flux based on 
the energy requirement of the animal (calculated using a mass-based scaling relationship) 
and specified characteristics of the diet and physiology of the animal.  An important  
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Figure 2-2. A schematic illustration of the triple oxygen isotope animal body water model.  Oxygen output 
and input fluxes are in mass balance relationship following the equation shown in the bottom of the figure. 
Inputs can be expressed in terms of fractionations relative to meteoric water plus the term of absorbed 
atmospheric O2. Outputs can be expressed in terms of fractionations relative to body water. Calculations of 
fraction (f) and fractionation factors (α) used in this equation are discussed in the text and given in Tables 
2-3 and 2-4.  Asterisks indicate nonfractionating fluxes (α = 1). 
 
parameter in this model is the water economy index (WEI, with units of ml H2O per kJ), 
a measure of the water use per unit of metabolized energy (Nagy and Peterson, 1988; 
Nagy, 2004).  The product of the total energy requirement and WEI determines the water 
requirement of the animal.  If food-derived water, including free water in food and 
metabolic water, does not exceed this total water requirement, then the animal must drink 
surface waters to make up the deficit.  If food-derived water equals or exceeds the total 
water requirement, the animal does not drink.  The minimum WEI that a species is 
capable of achieving varies significantly and reflects behavioral and physiological 
adaptations for maintaining water and thermal balance, for example the urea-
concentrating ability of the kidneys, ability to tolerate increases in body temperature 
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(adaptive heterothermy), and thermal load avoidance (shade-seeking, burrowing).  
However, the day-to-day WEI of a species may vary in response to environmental 
conditions, water content of food, availability of drinking water, reproductive status, and 
other factors.  Figure 2-2 depicts the input and output fluxes considered by the model, 
and Table 2-2 lists the physiological, behavioral, and climatic parameters of the model 
that are chiefly used in calculation of input and output fluxes.   
Table 2-2. List of model parameters, and values for the "standard model" based on Emu physiology and 
habitat. Listed parameter values are taken from Kohn (1996) if not otherwise specified. 
Parameters      Values 
Animal Specific Parameters 
Mass (kg)    40.000a  
Metabolic pre-exponent (Met_pre_exp)       2.955 
Metabolic exponent (Met_exp)       0.727 
Oxygen conversion factor (mole/kJ)  2.16×10-3  
Water economy index (WEI, ml/kJ)     0.170b  
Fecal H2O content (fraction of total mass, 𝑓H2O-in-fecal)     0.600 
Sweat/(sweat+pant) (fraction of total thermoregulatory water loss, rs/p)     0.500 
Fraction of O2 used (fraction of inhaled O2, 𝑓used-O2)     0.200 
Z_value   10.500 
Body Temperature (K) 311.150a 
Environmental Parameters 
Relative humidity (rh)     0.500c       
Environmental temperature (K) 288.150c 
Meteoric water δ18O (δ18Omw, ‰)  -4.000
c 
Meteoric water Δ'17O (Δ'17Omw, ‰)   0.020
c    
Atmospheric O2 δ18O (δ18OO2 , ‰) 23.881
d 
Atmospheric O2 Δ'17O (Δ'17OO2 , ‰) –0.506
d  
Food Parameters (fractional) 
Relative Digestibility (Digest)     0.700   
Energy extraction efficiency (eextra)     0.900 
Food carbohydrate content (𝑓carb)     0.850 
Food fat content (𝑓fat)     0.050 
Food protein content (𝑓protein)     0.100 
Food associated free H2O content (𝑓H2O-in-food)    0.550
b 
Plant/(Plant+Meat) ratio     1.000 
Ingested leaf/(stem+leaf) ratio relative to total ingested 
vegetation (rl/s) 
    0.600 
a. Emu mass is from Dawson et al. (1983). Female emu body temperature during breeding season is from 
Maloney and Dawson (1993). 
b. Estimated based on ostrich WEI and typical food water content from Williams et al. (1993). 
c. Typical environmental conditions and rainfall isotopic compositions in Australia during Emu breeding 
season (Liu et al., 2010; Li et al., 2015). 
d. Average value for atmosphere samples collected in 2007, 2008, and 2009, reported by (Barkan and Luz, 
2011).  
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This approach contrasts with that of the model of Bryant and Froelich (1995) and 
the triple oxygen isotope version of that model recently developed by Pack et al. (2013), 
which scale relative oxygen fluxes directly to body mass, and hence for a single body 
mass fix the ratio of nonmetabolic to metabolic oxygen fluxes (the latter of which carries 
the anomalous oxygen isotope signal of atmospheric O2).  Those models were consistent 
with early suggestions of generally negative correlations between body mass and animal 
δ18O, suggesting that smaller mammals have high relative fractions of metabolic oxygen, 
which is enriched in 18O, while larger mammals have high relative fractions of drinking 
water, which is generally depleted in 18O.  This model is attractive for extension to 
extinct animals, whose dietary behaviors and physiologies are generally unknown but 
whose body masses can be estimated based on skeletal characteristics.  A large amount of 
isotope data have been published in the past three decades, and it is well-demonstrated 
that there is significant variability of animal δ'18O that is independent of body mass (e.g., 
Ayliffe and Chivas, 1990; Luz et al., 1990; Fricke and O'Neil, 1996; Kohn, 1996; Fricke 
et al., 1998b; Levin et al., 2006), and this is further illustrated by data presented later in 
this paper.  Body mass is a poor predictor of animal δ'18O and the fraction of metabolic 
water, a finding consistent with poor correlations observed between WEI and body mass 
(Nagy and Peterson, 1988).   Thus the main control of body water δ'18O and Δ'17O relative 
to meteoric water compositions is not body mass, but rather a set of factors related to 
WEI, consumption of evaporated water (primarily as leaf water), and the effect of relative 
humidity on evaporative isotopic enrichment of leaf water, surface water, and body 
water. 
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 Aside from the incorporation of 17O/16O in our model, the primary departures 
from the Kohn (1996) model are: i. use of an updated leaf water oxygen isotope model 
(Roden and Ehleringer, 1999) and plant cellulose oxygen isotope model (Roden et al. 
2000); ii. inclusion of a conditional statement so that drinking water flux cannot take on 
values below zero; and iii. casting the model in terms of isotope ratios R and fractionation 
factors α, which simplifies the adaptation to 17O/16O and reduces mathematical errors 
associated with using δ-values and 'big delta' values (Δ = δ1 - δ2) in mass balance 
equations.  Thus the overall isotopic mass balance equation is: 
                                                  (2)
 
Here x is either 17 or 18 (referring to 17O and 18O), Rbw is the isotope ratio of body water, 
Rmw is the isotope ratio of meteoric water, RO2 is the isotope ratio of atmospheric O2, fi are 
the incoming molar oxygen fluxes expressed as a fraction of the total incoming flux 
(including atmospheric oxygen, fO2), fo are the outgoing oxygen fluxes as a fraction of the 
total outgoing flux (note that this is a steady-state model where incoming flux = outgoing 
flux), αi-mw are isotope fractionations of the incoming fluxes relative to meteoric water, 
αin-O2 is the fractionation of oxygen absorbed in the lungs relative to atmospheric O2, and 
αo-bw are the isotope fractionations of the outgoing fluxes relative to body water.  For 
adaptation to 17O/16O, the flux terms remain the same as for the 18O/16O model, 
17/16α  values are calculated based on 18/16α and triple oxygen isotope exponents θ or λ, 
17/16Rmw is calculated from 18/16Rmw and Δ'17Omw (using appropriate relatioinships among 
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Table 2-3. Lists of output and input fluxes for animal body water, based on the “standard model” (see Table 2-2 for details about model parameters).  
Total inputs/outputs budget 
Total Energy EnergyTotal = 10Met_pre_exp × MassMet_exp  
                  = 102.955 × Mass0.727 = 1.3173 × 104 kJ 
Energy from 
food per kg 
Energyfood = (fcarb ×17.3 + ffat × 39.7 + fprotein × 20.1) ×             
                    Digest × eextra × 1000 kJ/kg  
                 = 1.1781 × 104 kJ/kg 
Total dry food 
consumed 
Food consumed = EnergyTotal / Energyfood  
                          = 1.1182 kg 
Moles of O from 
food per kg 
Food O = fcarb × 15.4 + ffat × 2 + fprotein × 3  
             = 13.4900 mole/kg 
Free H2O from 
food per kg 
Food H2O = Food consumed × 55.56 / (1 – 𝑓H2O-in-food)  
                    × 𝑓H2O-in-food = 75.9325 mole   
Dry fecal output Dry fecal = Food consumed × (1– Digest)  
                = 0.3355 kg 
Air flux through 
lungs 
Air flux = EnergyTotal × Oxygen conversion factor ×  
                 22.4 (L/mole) / 𝑓used-O2  / 0.21  
              = 1.5176 × 104 L 
Total H2O 
turnover 
H2O turnover = mvap + mlw + mufw + metabolic water 
(when mdw < 0), or = EnergyTotal × WEI / 18 (when 
mdw > 0) 
Here, H2O turnover = 124.4154 mole 
Input Moles of oxygen  Fraction a Output Moles of oxygen Fraction a 
Food bound O mfo = Food consumed × Food O × Digest ×  
         eextra  
ffo = 0.1062 Fecal H2O mfcw = Dry fecal / (1– 𝑓H2O-in-fecal) ×  
           55.56 × (1 – 𝑓H2O-in-fecal)  
ffcw = 0.1562 
Leaf water mlw = Food H2O × rl/s  flw = 0.2546 Urea/uric O muro = 6 × Food consumed × fprotein ×  
          Digest × eextra  
furo = 0.0024 
Stem water mufw = Food H2O × (1– rl/s)  fufw = 0.1697 Nasal H2O mnsw = mtotal-breath e × 0.5 × 0.5  fnsw = 0.0642 
Atmospheric O2 min-O2 = 2 × EnergyTotal × Oxygen conversion  
             factor  
fin-O2 = 0.3180 Transcutaneous 
H2O 
mtcw = 1.44 × Mass2/3 ftcw = 0.0941 
Breath H2O mvap = rh × saturation concentration of H2O at  
          environmental T c (mol/L) × Air flux (L) 
fvap = 0.0307 Breath H2O mbtw = mheat-loss-H2O f × (1– rs/p) +  
           morally-loss-vapor  
fbtw = 0.1676 
Drinking water mdw = (Energy × WEI / 18) – mvap – mlw – mufw –  
          metabolic water d  
Notice: if the right side is less than 0, then mdw = 
0, which means this animal does not drink water 
fdw = 0.1207 Sweat H2O msww = mheat-loss-H2O × rs/p  fsww = 0.0393 
  Urine H2O murw = 0.25 × H2O turnover  furw = 0.1738 
  Exhaled CO2 mCO2 g = min-O2 – Food (H2-O) –  
              muro / 2  
fCO2 = 0.3023 
Total mt-in = mfo + mlw + mufw + min-O2 + mvap + mdw 
       = 178.9398 mole 
 
1b 
Total mt-out = mfcw + muro + msww + mnsw  
                  + mbtw + mtcw+ murw + mCO2 
        = 178.9398 mole 
1b 
a Fractions for each component are calculated through the equation of: fx = mx/mt, where fx is fraction for each component, mx is moles of oxygen for each 
component, and mt is either total moles of oxygen input or total moles of oxygen output. 
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b Sums of the exact fraction values from the model are both 1, whereas due to rounding the sums of the values listed in the table are not precisely 1. 
c Saturation concentration of H2O in air at ambient temperature = 100.686 + 0.027 × (T/ °C) / (760 × 22.4) (mole/L), where T is body or environmental temperature. 
d Metabolic water = amount of water produced from respiration, that is amount of food H2 oxidized = Food consumed × Food H2 × digestibility × eextra, where 
Food H2 = fcarb × 30.9 + ffat × 60 + fprotein × 11 (mole/kg). In this case, metabolic water = 21.3909 mole. Part of the oxygen in metabolic water is from bonded 
oxygen in food (Food O) and part is from atmospheric O2. 
e mtotal-breath = Total exhaled water vapor from breathing = Air flux × saturation concentration of H2O at body T (see footnote c for equation). Assuming 50% of 
normally respired air is expelled orally (morally-loss-vapor = 0.5 × mtotal-breath) and 50% is expelled nasally.  
f mheat-loss-H2O = amount of water used for heat loss = H2O turnover – Fecal H2O – Urine H2O – Nasal H2O – Transcutaneous H2O – morally-loss-vapor.  
g CO2 output is approximately equal to air O2 input, but corrected for urea or uric acid production and for air O2 used for oxidizing food H2 to produce part of the 










Table 2-4. Fractionation factors and fractionation exponents used in the body water model 
Parameter Description / Comments Values  Reference(s) / Notes 
Fractionations associated with incoming fluxes   
18/16αvap-mw Fractionation factor between atmospheric water vapor and meteoric water Eq. 1, footnotes Majoube (1971); Friedman and O'Neil (1977) 
θvap-mw Fractionation exponent between water vapor and liquid water 0.529 Barkan and Luz (2005) 
18/16αdw-mw Fractionation factor between drinking water and meteoric water 1.000 Assuming animal drinking water has the 
same composition as meteoric water 
18/16αw-mw Fractionation factor between leaf water and meteoric water. Function of 
relative humidity, temperature, and other factors. 
Leaf water model Roden and Ehleringer (1999) 
λlw-mw Fractionation exponent between leaf water and meteoric water Eq. 2, footnotes Landais et al. (2006) 
18/16αufw-mw Fractionation factor between unfractionated food water (e.g., stem water) 
and meteoric water 
1.000 e.g., Yakir (1992) 
18/16αfo-mw Fractionation factor between food-bound-O and meteoric water. Modeled 
as cellulose, assuming medium water is 50% leaf and 50% stem water. 
Leaf water model Roden and Ehleringer (1999) 
Roden et al. (2000) 
λfo-mw Fractionation exponent between cellulose and meteoric water 0.5275 Not yet determined; approximated by Pack et 
al. (2013) 
18/16αin-O2 Fractionation factor between lung-absorbed O2 and atmospheric O2 0.993 Kohn (1996); Epstein and Zeiri (1988)a 
λin-O2 Fractionation exponent between lung-absorbed O2 and atmospheric O2 0.5179 Luz and Barkan (2005) 
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Table 2-4 (continued)   
Parameter Description / Comments Values  Reference(s) / Notes 
Fractionations associated with outgoing fluxes   
18/16αfcw-bw, 18/16αurw-bw, 18/16αuro-bw, 18/16αsww-bw  1.000 Kohn (1996); Schoeller et al. (1986) 
 Fractionation factors between (fecal waterc, urinary water, urea/uric acid, 
sweat water) and body water 
 
18/16αnsw-bw Fractionation between nasal water vapor and body water. Calculated for a 
temperature intermediate between body and environmental temperature. 
Eq. 1, footnotes Majoube (1971); Friedman and O'Neil (1977) 
θnsw-bw Fractionation exponent between nasal water vapor and body water 0.529 Barkan and Luz (2005) 
18/16αtcw-bw Fractionation factor between transcutaneously-lost water vapor and body 
water 
0.982 see Kohn (1996), pg 1484 
λtcw-bw Fractionation exponent between transcutaneously-lost water vapor and 
body water 
0.5235 Not yet determinedc 
18/16αCO2-bw Fractionation factor between exhaled carbon dioxide and body water Eq. 3, footnotes O'Neil and Adami (1969) 
θCO2-bw Fractionation exponent between CO2 and H2O. Theoretical value at 
animal body temperature (~38 °C). 
0.5248 Cao and Liu (2011) 
18/16αbtw-bw Fractionation factor between breath water vapor and body water. 
Calculated for body temperature. 
Eq. 1, footnotes Majoube (1971); Friedman and O'Neil (1977) 
θbtw-bw Fractionation exponent between breath water vapor and body water 0.529 Barkan and Luz (2005) 
a. Based on z-factor of 10.5‰ and oxygen utilization fraction of 0.2. 
b. Oxygen bound in undigested food (fecal organic matter) is not considered by the model, under the assumption that this oxygen does not exchange significantly 
with body water (Kohn, 1996). 
c. Estimate is intermediate between binary diffusion of water vapor through atmospheric gas (0.518) and equilibrium vapor – liquid fractionation (0.529). 
Equation 1: 103ln(αliquid-vapor) = 11.36 × 105 / T2 - 4.20 × 102 / T -2.07.  Equation 2: λlw-mw = -0.0078 × rh + 0.5216; rh = relative humidity. 
Equation 3: 103ln(αliquid-vapor) = 16.60 × 104 / T - 15.69. 
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Table 2-3 provides an example of how the fluxes are calculated, and Table 2-4 
lists the isotopic fractionation factors used in the model.  The incoming fluxes are 
drinking water (fdw), atmospheric oxygen (fO2), free water in food [divided into 
unfractionated water such as stem and root water (fufw) and fractionated water such as leaf 
water (flw)], oxygen bound in food (ffo), and inhaled atmospheric water vapor (fvap) (Fig. 
2-2, Table 2-3). The outgoing fluxes are oxygen in fecal water, urine (urinary water, and 
O in urea / uric acid), and sweat water (ffcw, furw, furo, fsww), orally exhaled (breath) vapor 
(fbtw), nasally-exhaled vapor (fnsw), transcutaneous water vapor (ftcw), and exhaled carbon 
dioxide (fCO2).  The calculation of fluxes follows Kohn (1996).  Briefly, the oxygen flux 
is set by the energy requirement of animal: this dictates how much food the animal must 
eat, which given food O content, food free water content, relative digestibility, WEI, and 
fraction of inhaled O2 absorbed in the lungs sets the fluxes of food bound oxygen, food 
associated water (stem water + leaf water), drinking water, atmospheric O2, and 
atmospheric water vapor.  The outgoing CO2 flux is based the energy requirement and the 
stoichiometry of respiration. Orally- and nasally- lost water vapor is based on the volume 
of air fluxed through the lungs to oxidize the amount of food specified by the energy 
requirement, and the remaining water is apportioned among fecal water, urinary water, 
sweat water, and oral water (e.g., panting) as specified by adjustable animal-specific 
parameters such as the ratio of sweating to panting, and fecal water contents (see Table 2-
2).  The reader is also referred to Kohn (1996) for the details and justification of how 
these fluxes are calculated.   
 Before turning to quantitative predictions of the model, it is useful to 
qualitatively-asses the effects of different variables based on visual inspection of the 
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inputs and outputs shown in Figure 2-1. Drinking water and stem water have the same 
δ'18O and Δ'17O values as unevaporated meteoric water (Fig 2-1a, 2-1c), so animals 
drinking large amounts of water or depending on root or stem water should have isotopic 
compositions more similar to meteoric water, unless the source water is evaporated (Fig. 
2-1b). Leaf waters and atmospheric O2 are more enriched in δ'18O and depleted in Δ'17O 
(Fig. 2-1c, 2-1d), which will lead to high δ'18O and low Δ'17O values in animal body 
water. Isotopic trends from oxygen effluxes are shown in Figure 2-1 e-f. Evaporated 
water vapor effluxes make body water more enriched in both of the heavy oxygen 
isotopes, 18O and 17O; this leads to higher body water δ'18O values but slightly lower 
body water Δ'17O values because the liquid-vapor fractionation exponent is slightly 
higher than the reference exponent (0.529 versus 0.528). Exhaled CO2 is a distinctive 
output as it drives body water δ'18O to be lower and Δ'17O to be higher. This is because 
CO2 is also more enriched in 18O and 17O than body water (18/16αCO2-bw = 1.0384 and 
17/16αCO2-bw = 1.0200 at 38 °C), but the fractionation exponent for CO2-H2O equilibrium is 
lower than that of the reference exponent (0.5248), which causes negative anomalies of 
Δ'17O in CO2 (and hence drives Δ'17O to be more positive in the residual body water 
reservoir).  Other unfractionated oxygen outputs, such as urine and fecal water, have the 
same isotopic compositions as body water (Fig. 2-1f).  
 
2.4.  MODEL SENSITIVITY 
2.4.1.  Standard model 
In all, there are 52 parameters in the model, including ten animal-specific 
parameters, eight related to the diet of the animal, six climatic parameters, and fourteen 
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isotopic parameters, each featuring a 18O/16O and a 17O/16O fractionation factor.  We 
evaluated model sensitivity by independently varying each parameter of the model, 
starting with a "standard model" loosely based on the physiology, diet and habitat of emu 
living in Australia, using the parameters specified in Tables 2-2 and 2-4.  Emus feed 
primarily on plants, so we use model parameters from the herbivore model in Kohn 
(1996). In addition, we use emu specific values for mass and body temperature (Dawson 
et al., 1983; Maloney and Dawson, 1993), and estimate WEI and fraction of free water in 
food ( ) from its ratite relative ostrich (Williams et al., 1993). We use average 
environmental conditions of Australia for environmental parameters, especially for 
relative humidity and oxygen isotope compositions of precipitation.  A standard δ18O 
value of Australian precipitation is assigned as –4.0‰, estimated based on Bowen and 
Revenaugh (2003) and Liu et al. (2010). As Δ'17O values of precipitation in Australia 
have not been studied, we choose a typical value of 0.020‰ based on global meteoric 
water Δ'17O compositions (Li et al., 2015). The egg laying season for emu is the cool 
season (Coddington and Cockburn, 1995), and we assign a typical relative humidity value 
of 0.5, based on the CRU 2.0 dataset from New et al. (2002). 
 
2.4.2.  Results of sensitivity test 
Table A2.1 presents the results for variation of all parameters in the model within 
realistic ranges of each parameter.  Although there are more than 50 parameters, we 
observe that the model is only sensitive to a small subset of these. Many of the 
parameters are fixed or nearly so [e.g., equilibrium fractionation factors between liquid 
and vapor, "fractionation factors" for unfractionated water influxes/effluxes (α = 1)], 
fH2O-in-food
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represent very small relative fluxes (atmospheric water vapor inhalation, transcutaneous 
water loss, O loss in urea / uric acid), or otherwise have very little influence on animal 
isotopic composition (e.g., body mass, body temperature). Several other factors are 
essentially 'known' in the sense that they are assigned for specific environmental or 
behavioral conditions of interest (temperature, relative humidity, isotopic composition of 
meteoric water, variables related to dietary preference).  In the discussion below, we will 
first discuss the dependence of animal body water on the isotopic composition of 
meteoric water, and then focus on a few parameters relating to plant water intake and 
isotopic composition that we identified as having outsize influence on body water 
isotopic composition. We also explore body mass as variable that we found to have 
relatively little influence on model results. In section 4.5, we further discuss leaf water as 
an amplifier of the modeled sensitivity to relative humidity, food water content, and 
water economy index.  Finally, in section 4.6 we explore the influence of some important 
and less precisely known fractionation factors and fractionation exponents.  
 
2.4.3.  Dependence on meteoric water 
Meteoric water sets the “starting point” of the model, as it is the source of surface 
water and plant waters, and hence directly determines isotope compositions of food, 
drinking water and air water vapor. Figure 2-3a and Figure 2-3c show that the slope of 
body water isotopes versus meteoric water isotopes is ~0.7 for both δ18O and Δ'17O (that 
is, about 7‰ change in δ18Obw per 10‰ change in δ18Omw, and about 0.007‰ change in 
Δ'17Obw per 0.01‰ change in Δ'17Omw). The curved line of Δ'17Obw versus δ18Omw in 
Figure 2-3b is a result of the nonlinear mixing effects between atmospheric O2 inputs and 
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meteoric water input (and other inputs related to meteoric waters; see detailed 
explanation in Figure 2-4).  The model predicts that δ18Obw and δ18Omw are closely 
related, as has long been appreciated and has been widely used in reconstructing 
paleoclimate (Fricke and O'Neil, 1996; Fricke et al., 1998a; Fricke and Wing, 2004; 
Gehler et al., 2012). 
 
 
Figure 2-3. Dependence of animal body isotopic compositions water on meteoric water isotopic 
compositions. (a) Influence of δ18Omw on δ18Obw. (b) Influence of δ18Omw on Δ'17Obw. Changes in δ18Omw 
will cause small changes in Δ'17Obw. The curved line is caused by mixing effects between meteoric water-
related inputs and atmospheric O2 inputs of animal body water (see Figure 2-4 for detailed explanation).  
(c) Influence of  Δ'17Omw on Δ'17Obw. 
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Figure 2-4. Illustration of how mixing effects lead to a dependency of Δ'17Obw on δ18Omw, even when all 
other factors are held constant. (a) Simple mixing between two endmembers with constant Δ'17O but 
differing δ18O.  The diamonds show the relative proportions of the left-hand endmember (taken to represent 
meteoric water, mw).  The filled diamond at 75% is highlighted to help track the mixing effect in 
subsequent panels.  The curved mixing line and depression of Δ'17O in intermediate mixtures is an artifact 
of the definition of Δ'17O, which being based on δ' values [that is, δ' = ln(Rsample/Rstandard)] is linear with 
respect to fractionation processes, but nonlinear with respect to mixing. (b) Same as (a), but now the right-
hand endmember has a Δ'17O value more reflective of atmospheric O2.  The curved mixing line is still 
apparent.  (c) Same as (b), but now with additional left-hand endmembers representing a range of values 
representative of meteoric waters.  Here it can be seen that lines connecting points with the same "mw" 
contributions are curved and concave-down (as illustrated for the 75% mw case), an effect that ultimately 
relates to the simple curved, concave-up mixing effect between endmembers. 
 
2.4.4.  Dependence on relative humidity, plant water, and thermophysiology 
Beyond the isotopic composition of meteoric water, the model predicts that the 
following four parameters will be particularly important in determining animal body 
water isotopic composition (Table A2.1): relative humidity (rh), food free water content 
(fH2O-in-food), leaf water ratio (rl/s), and water economy index (WEI).  These four 
parameters are key to the evaporated water intake of an animal: WEI helps to determine 
the amount of drinking water (which dilutes metabolic water and evaporated leaf waters), 
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rl/s and fH2O-in-food determine relative amounts of leaf water intake, and rh controls the 
degree of evaporative isotopic enrichment in leaf water.  Evaporation and transpiration 
lead to enrichment of δ18O and depletion of Δ'17O in leaf waters, while stem and root 
water is not affected and is isotopically unfractionated relative to soil water (Yakir et al., 
1990; Yakir, 1992; Yakir, 1998; Roden and Ehleringer, 1999; Helliker and Ehleringer, 
2000; Landais et al., 2006). Landais et al. (2006) observed a dependence on rh of the 
triple oxygen isotope fractionation slope between leaf water and stem water, λtrans = 
0.5216 – 0.0078 × rh. By combining the 18O/16O leaf water model from Roden and 
Ehleringer (1999) with this relationship for λtrans, we can model the triple oxygen isotope 
composition of leaf water as a function of rh (e.g., Figure 2-1c).  
Figure 2-5a shows the model-predicted sensitivity of body water isotope 
composition to relative humidity.  The predicted trends accord the trends in leaf water, 
that is, animals in low rh conditions have high δ18Obw and low Δ'17Obw. This prediction 
suggests the importance of leaf water inputs for animal body water. Therefore, high water 
content and high leaf fraction in food should also cause enrichment in δ18Obw and 
depletion in Δ'17Obw (Fig. 2-5b, 2-5c). Additionally, with higher water content in food, 
animals may be able maintain water balance only by eating and hence may not need to 
drink. The inflection points in Figure 2-5b reflect whether an animal needs to drink water 
or not. Drinking water is modeled as unevaporated meteoric water and hence a larger 
fraction of drinking water will dilute the evaporated signal from leaf waters and lead to 
lower δ18Obw and higher Δ'17Obw values. But if the water content in food is high enough, 
food water will in turn dilute the anomalously low Δ'17O of metabolic water derived from 
atmospheric O2. This is the explanation for the positive slopes in Δ'17Obw - fH2O-in-food and 
	   35	  
Δ'17Obw - δ18Obw [Fig. 2-5 (b-2), (b-3)] under very high food water contents (that is, to the 
right of the inflection points).  
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Figure 2-5. Effects of environment, diet and physiology on predicted δ18Obw and Δ'17Obw, based on the 
standard emu model. Sub-figures in the left column show influences on δ18Obw, in the middle column show 
influences on Δ'17Obw, and in the right column with marked parameter values (open circles) show combined 
influences on δ18Obw and Δ'17Obw. (a) Influence of relative humidity (rh); with decreasing rh, δ18Obw 
increases and Δ'17Obw decreases. (b) Influence of free water fraction in food (food water content). The 
inflection point relates to whether an animal needs to drink or not: to the left of this point (i.e., lower food 
water content), the animal must drink to meet its water requirement. With higher food water content, δ18Obw 
increases and Δ'17Obw decreases. But at very high food water content (to the right of the inflection point), 
food water dilutes the low Δ'17O contribution from atmospheric O2, and hence Δ'17Obw increases.  (c) 
Influence of leaf water fraction of total food water (leaf/ (leaf + stem) ratio). With increasing leaf water 
fraction, δ18Obw increases and Δ'17Obw decreases. (d) Influence of water economy index (WEI). The 
inflection point indicates whether WEI is in effect of determining animal total water turnover or not. When 
WEI is not in effect (to the left of the inflection) the animal does not need to drink. When WEI is in effect, 
δ18Obw decreases and Δ'17Obw increases with increasing WEI values. (e) Influence of body mass. Animal 
body mass has negligible effect on both δ18Obw and Δ'17Obw, becuase in this model it has no effect on the 
isotopic compositions or relative amounts of different influxes and outfluxes, except for a minor influence 
on the magnitude of the transcutaneous water efflux. 
 
Figure 2-5d shows the model-predicted influence of WEI on body water isotopic 
composition.  An increase in WEI (= decrease in water use efficiency) generally leads to 
lower δ18Obw and higher Δ'17Obw.  In Figures 2-5 (d-1) and (d-2), the inflection points 
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represent the transition from no drinking water required (to the left of the inflections) to a 
finite drinking water requirement. We note here that desert-adapted animals commonly 
have lower WEI values than non-desert-adapted animals. Desert animals, especially 
eutherian mammals, may lower their water requirements through reduced metabolic rates, 
by limitng water losses in feces and urine, and by adjusting behavior (e.g., "hiding" from 
the heat by seeking shade or entering burrows, by being less active during daytime and 
above ground). Such adaptations may allow the animal to be partially or completely 
independent of drinking water. If the animal does not drink, its water turnover amount 
will be determined only from dietary water and metabolic water, and hence the 
isotopically-evaporated inputs from leaf waters and negative Δ'17O inputs from 
atmospheric O2 are not diluted by drinking water. Therefore, deserted-adapted animals 
(low WEI) should have higher δ18Obw and lower Δ'17Obw values than non-desert-adapted 
(high WEI) animals.  
Animal body mass is not in control of the relative proporations of O influxes and 
effluxes, except for minor relative changes in transcutaneous water efflux, and our model 
predicts that it has minor influence on both δ18Obw and Δ'17Obw (Fig. 2-5e).  The slight 
enrichment in δ18Obw and depletion in Δ'17Obw with increasing body mass that our model 
predicts (Fig. 2-5e) is due to transcutaneous loss water vapor loss, the amount of which is 
calculated based on skin area and skin permeability of animal (Table 2-3), with skin area 
related to the cube of mass. In our model, body mass, metabolic pre-exponent and 
metabolic exponent determine the metabolic requirement of an animal (Table 2-3), but do 
not influence the fractions of each input and output component.  Therefore, body mass 
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change has a negligible effect on animal body water compositions compared to animal 
diet, habit and ambient living environment.  
Overall, our model predicts that animals living in arid environments (low rh), 
having high water use efficiency (low WEI), obtaining most water from food (high 
), and ingesting a relativly large fraction of leaves in food (high rl/s), will tend to 
have high δ18Obw and low Δ'17Obw values. Animals with opposite behaviors and 
physiologies and living in humid environments will have low δ18Obw and lower Δ'17Obw 
values.  
 
2.4.5.  Leaf water effects 
Leaf water is like an isotope amplifier that can magnify the effects from other 
parameters (Fig. 2-6): when the animal consumes leaf water, the model is very sensitive 
to those parameters, and when the animal does not consume leaf water, the model 
becomes relatively insensitive to those parameters.  Leaf water itself is a good aridity 
proxy as its isotopic composition responds strongly to relative humidity.  While leaf 
water carries evaporative isotopic signals, stem and root water are isotopically 
unfractionated relative to meteoric water. Animals consuming leaves acquire the 
evaporative signal, and inherit the isotopic effects of rh on leaf water. Thus, animals 
depending entirely on leaves but no stems (rl/s = 1) are more sensitive to rh (Fig. 2-6a) 
compared to those depending entirely on stems and roots (rl/s = 0). Figure 2-6b shows 
sensitivity tests of for animals only eating leaves and those only eating stems and 
roots. As stem and root water affects body water compositions in a similar fashion as 
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increases. WEI indirectly controls the relative amount of leaf water an animal should 
ingest from food, and hence influences animal body water compositions differently for 
rl/s = 0 and rl/s = 1 (Fig. 2-6c). In general, leaf water input is a key factor in influencing 
animal body water compositions.  Dietary differences of animals can lead to very 
different body water isotopic compositions. That is to say, even for animals from the 




Figure 2-6. Leaf water amplification of other factors. We compare body water sensitivities to rh, food 
water content and WEI for model of leaf / ( leaf + stem) ratio = 1, and with model of leaf / (leaf + stem) 
ratio = 0. Stem water is unfractionated meteoric water (note that root and tuber water is isotopically 
equivalent to stem water). But leaf water is evaporated, and this effect is enhanced in arid climates. (a) 
Relative humidity has a strong influence on animal body water compositions when animals eat only leaves, 
and a  relatively weak influence when animals eat only stems. (b) Oxygen isotope compositions of animals 
that ingest leaf water are more sensitive to  change compared to those that ingest stem water. 
Because of the exceptional evaporative signals in leaf water, animals that eat leaves only will have higher 
δ18Obw and lower Δ'17Obw, with increasing food water content. Stem water has same isotopic compositions 
as meteoric water. So body water compositions of animals that eat stems only move towards meteoric water 
compositions when food water content is increasing. (c) For the same WEI value, animals that eat only 
fH2O-in-food
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leaves will have higher δ18Obw and lower Δ'17Obw compared to those that only eat stems. Also, animals only 
eat leaves are more sensitive to WEI change compared to those that only eat stems because leaf waters are 
more variable and have larger ranges in oxygen isotope compositions. 
 
 
Figure 2-7. Influences of yet well-constrained fractionation exponents. Here we show the influences of 
fractionation exponents for (a) lung absorbed O2 versus atmospheric O2 (𝜆in-O2) and (b) exhaled CO2 versus 
body water (𝜃CO2-bw). The sensitivity is such that 0.01 changes in 𝜆in-O2   and 𝜃CO2-bw lead to ~0.01‰ and 
~0.12‰ change in Δ'17Obw. The latter is of great importance in model accuracy.  
 
2.4.6.  Sensitivities to fractionation factors 
While many of the fractionation factors used in the model (Table 2-4) are well 
constrained (e.g.,18/16αvap-mw, 18/16αCO2-bw), there are also some poorly constrained 
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fractionation factors and fractionation exponents. Figure 2-7 shows the sensitivity of 
Δ'17Obw to λin-O2 and θCO2-bw. Δ'17Obw is more sensitive to θCO2-bw change than to λin-O2  
because the intrinsic isotopic fractionation is much larger (~38‰ for 18/16αCO2-bw versus 
~7‰ for 18/16αin-O2).  For a range in θCO2-bw from 0.52 to 0.53, Δ'17Obw decreases ~0.12‰, 
meaning that the model is almost as sensitive to θCO2-bw as to WEI. In our model, we use 
θCO2-bw = 0.5248 based on theoretical calculations in Cao and Liu (2011), a value that is 
similar to forthcoming results from our own laboratory. Barkan and Luz (2012) reported 
a value of θCO2-bw = 0.5229, and use of this value would shift Δ'17Obw by ca. +0.03‰ 
relative to model predictions using our preferred value of 0.5248. These uncertainties are 
not insignificant, and hence more studies on these less precisely known fractionation 
processes are needed. 
 
2.5.  MODEL-DATA COMPARISON 
Measured triple oxygen isotope compositions of carbonates and the calculated 
parent water values are reported in Table 2-5 and shown in Figure 2-8.  Table 2-5 and 
Table A2.3 gives the entire dataset that we consider in this paper, including new data 
reported here, and biomineral data that have already been reported in Pack et al. (2013) 
and Passey et al. (2014). For comparison to the body water model predictions, we focus 
on the calculated body water isotopic compositions rather than the measured 
compositions of the mineral samples.  The methods and fractionation factors used to 
calculate of body water isotopic compositions from biomineral isotopic compositions are 
described in Passey et al. (2014).
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Table 2-5.	  Measured isotopic compositions of eggshell and tooth enamel samples, and calculated compositions of parent waters of these samples. Values are 
given in units of per mil (‰) relative to the VSMOW-SLAP scale of Schoenemann et al. (2013), with λ = 0.528.	  
Sample ID Species Na Measured values Body Td 18αe Calculated values 
   δ18Ocb ±c Δ'17Ocb ±c °C (CaCO3–H2O) δ18Owb ±f Δ'17Owb,g ±f 
             Australian emu eggshell             BC 608 Emu 2 44.138 0.4 –0.197 0.011 38 1.0380 5.958 1.2 –0.068 0.017 
BC 609 Emu 1 34.508 – –0.157 – 38 1.0380 –3.320 1.5 –0.029 0.022 
BC 611 Emu 2 35.885 0.1 –0.152 0.003 38 1.0380 –1.994 1.2 –0.023 0.017 
BC 612 Emu 2 43.367 0.7 –0.183 0.001 38 1.0380 5.215 1.2 –0.054 0.017 
BC 613 Emu 2 44.643 1.0 –0.222 0.003 38 1.0380 6.445 1.2 –0.093 0.017 
BC 615 Emu 2 44.708 0.3 –0.230 0.003 38 1.0380 6.507 1.2 –0.101 0.017 
BC 616 Emu 1 46.112 – –0.230 – 38 1.0380 7.860 1.5 –0.101 0.022 
BC 623 Emu 1 46.158 – –0.201 – 38 1.0380 7.904 1.5 –0.072 0.022 
BC 628 Emu 2 45.507 0.3 –0.203 0.009 38 1.0380 7.277 1.2 –0.075 0.017 
BC 629 Emu 1 52.508 – –0.226 – 38 1.0380 14.022 1.5 –0.097 0.022 
BC 630 Emu 2 41.678 0.2 –0.160 0.005 38 1.0380 3.588 1.2 –0.031 0.017 
BC 894 Emu 2 42.941 0.8 –0.203 0.003 38 1.0380 4.805 1.2 –0.074 0.017 
BC 975 Emu 2 51.302 0.3 –0.233 0.006 38 1.0380 12.859 1.2 –0.104 0.017 
BC 977 Emu 1 36.945 – –0.177 – 38 1.0380 –0.972 1.5 –0.048 0.022 
BC 1035 Emu 1 43.064 – –0.171 – 38 1.0380 4.923 1.5 –0.042 0.022 
Baltimore wild bird eggshell            
USABAL-Bird-2 Unknown 2 35.238 0.9 –0.172 0.003 39 1.0380 –2.617 1.2 –0.043 0.017 
USABAL-Bird-3 Unknown 2 34.459 0.9 –0.150 0.001 39 1.0380 –3.367 1.2 –0.021 0.017 
USABAL-Bird-4 Unknown 1 36.355 – –0.174 – 39 1.0380 –1.541 1.5 –0.045 0.022 
USABAL-Bird-5 Unknown 1 34.125 – –0.161 – 39 1.0380 –3.689 1.5 –0.032 0.022 
USABAL-Bird-6 Unknown 2 36.135 0.8 –0.167 0.001 39 1.0380 –1.752 1.2 –0.038 0.017 
USABAL-Bird-7 Unknown 2 35.819 1.0 –0.204 0.016 39 1.0380 –2.057 1.2 –0.075 0.017 
USABAL-Bird-8 Unknown 2 33.461 0.1 –0.190 0.006 39 1.0380 –4.329 1.2 –0.061 0.017 
Mammalian tooth enamel            K00-TSV-113 Giraffe 2 47.195 0.1 –0.236 0.003 38 1.0332 13.545 1.2 –0.122 0.016 
UT-deer Deer 2 35.129 0.0 –0.255 0.012 38 1.0332 1.867 1.2 –0.142 0.016 
AIJB-B3-T4-DP4 Bison 2 31.526 1.3 –0.177 0.003 38 1.0332 –1.621 1.2 –0.064 0.016 
a. Number of analyses, where each analysis involves acid digestion of carbonate to produce CO2, reduction of CO2 by H2 to produce H2O, fluorination of H2O to 
produce O2, and analysis of the gas on a Thermo MAT 253 mass spectrometer, as described in Section 2.2. 
b. δ18Oc and Δ17Oc are isotopic compositions of O2 generated from carbonates samples; δ18Ow and Δ17Ow are calculated parent water oxygen isotope 
compositions.  
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c. Values are the absolute difference between pairs of analyses. 
d. Emu body temperature is from Maloney and Dawson (1993); other body temperatures are generic estimates. 
e. Fractionation factor for eggshell carbonates is 1.0380, a combined mineral-water and acid digestion fractionation as determined by (Passey et al., 2014). For 
tooth enamel apatite, we multiply the mineral-water fractionation factor in Lécuyer et al. (2010) by 1.0079, which is the acid fractionation factor calculated for 90 
°C phosphoric acid digestions of tooth enamel reported in Passey et al. (2007). 
f. Values are based on standard error propagation using the 95% confidence intervals error reported in Passey et al. (2014) for  and 
. Average external precision for δ18Oc and Δ'17Oc measurements are 0.7‰ (1σ) and 0.01‰ (1σ) (Passey et al., 2014). Then, errors used 
in the propagations are 1.96 × S.E.M, where S.E.M. are generic errors.  S.E.M. = average external precision/ 𝑁 (N is number of analyses). 
g. Calculated using Δ'17Ow = Δ'17Oc + 103ln18αCaCO3–H2O × (0.528 – λCaCO3–H2O), where λCaCO3–H2O is 0.5245 for all samples. 
18αCaCO3–H2O = 1.0380 ±  0.0008
λCaCO3–H2O = 0.5245 ± 0.0003
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Figure 2-8. Measured body water compositions. (a) Captive birds and wild birds from northeast U.S. and 
Australian emu. (b) Mammals from Utah, ostrich and mammals from Africa, and late Cretaceous dinosaurs 
(oviraptorid) from Ukhaa Tolgod, Mongolia. Grey dashed curves bracket the range of meteoric waters 
(small grey dots). Body water is lower in Δ'17Obw than meteoric waters. Modern and fossil animals from 
each location plot in linear arrays with slopes of ~0.52 (dashed lines). λ values are regression slopes of 
δ’17Obw – δ’18Obw. 
 
2.5.1.  General observations and comparisons to data 
The body water model makes several predictions about body water isotopic 
composition that are generally supported by data.  Perhaps the most basic prediction of 
the model is that animal body water is almost always lower in Δ'17O than local meteoric 
waters. This is because all of the inputs into the animal are either the same in Δ'17O as 
meteoric waters (e.g., drinking water, stem water), or lower in Δ'17O (atmospheric O2, 
evaporated waters including leaf waters, food-bound O, atmospheric water vapor).  The 
only significant factor that can work to elevate animal body water Δ'17O is the exhaled 
CO2 flux, but this flux is generally not large enough relative to other fluxes to result in an 
	   45	  
overall elevation of body water Δ'17O.  The data shown in Figure 2-8 support these 
general predictions.  Only a small fraction of samples overlap with the meteoric water 
range, and these are at the lower end of the range. The samples that overlap most are the 
captive birds in the northeast U.S., and the hippopotamus sample from Kenya (Fig. 2-8b). 
Presumably these captive birds were fed dry feeds and not fresh, green vegetation, and so 
they did not have the evaporative water influxes from leaf waters (low in Δ'17O).  The 
highest Δ'17Obw value we observed in these captive birds is 0.004‰ (USA2013-NJemu-
001), which is still lower than the average meteoric water Δ'17O of northeast U.S., 
~0.02‰ (Li et al., 2015). The wild hippopotamus from Kenya presumably had access to 
fresh green vegetation, at least seasonally, but being a semi-aquatic animal, its water 
balance was apparently dominated by meteoric waters. 
Another basic prediction of the model is that populations of animals from the 
same geographic area should have isotopic compositions that plot along approximately 
linear arrays in Δ'17O versus δ'18O space, with slopes (= λ values) of ca. 0.52.  The reason 
for this is that the evaporation trajectory in evaporation of standing water and leaf waters 
is approximately 0.52, as is the slope of a line joining typical meteoric waters and 
atmospheric O2. λ values in Figure 2-8 represent regression slopes of δ'17Obw – δ'18Obw for 
each group of samples, and range between 0.505 and 0.523.  We note that this negative 
correlation of Δ'17Obw and δ'18Obw may not be very obvious when δ'18Omw is highly 
variable, like in seasonal climates. In this case, arrays for these animals may be dispersed 
along the δ'18O axis, creating a parallelogram-like distribution. Additionally, if animals 
do not consume significant leaf water, like the captive birds in Figures 2-8a and 2-8b, a 
negative correlation between Δ'17Obw and δ'18Obw may not be apparent, and if there was 
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significant seasonal variability in δ'18Omw we would expect arrays of data to have a slope 
near 0.528, the slope of the meteoric water line. Other slopes are possible in under-
sampled data sets. For example, if local animals have scattered body water compositions, 
but we only sampled those high in Δ'17Obw and δ'18Obw, and those low in Δ'17Obw and 
δ'18Obw, a positive regression trend will be achieved (i.e., λ > 0.528).  Local trends will be 
most robust when multiple taxa and multiple individuals are studied.  We note here that 
negative correlations between Δ'17Obw and δ'18Obw are not apparent in the dataset of Pack 
et al. (2013); these data show large variaion in Δ'17Obw with correspondingly little 
variation in δ'18Obw, such that the overall array is 'vertical' in a plot of Δ'17Obw and δ'18Obw, 
even when restricting the dataset to only the samples from Germany (the most well-
sampled region in that study).  At present it is not clear whether this pattern is 
representative of actual isotopic compositions of north-central European animals, is an 
artifact of undersampling, is related to the differing analytical methods used by Pack et al. 
(2013), or is related to some other unknown factors. 
Another important prediction of the model, discussed extensively in Section 4, is 
that water-independent, leaf-consuming animals should have lower Δ'17Obw than water-
dependent, non-leaf consuming animals. In Figure 2-8b, it can be seen that the leaf 
consumers (giraffe, ostrich and deer) have much lower Δ'17Obw than animals from the 
same locations that drink more water and do not depend as much on leaf water, such as 
hippo, rhino and bison. Similar trends, presumably related to physiology and dietary 
differences, are also observed between captive and wild birds in northeast U.S., and 
among the late Cretaceous fossil dinosaur samples from Nemegt Basin, Mongolia.  
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2.5.2.  Relationship to relative humidity 
Figure 2-5 and the related text showed how relative humidity has the effect of 
amplifying the evaporative lowering of Δ'17O in leaf waters and consequently in animals 
consuming leaf waters.  Thus the model predicts that the range in Δ'17Obw for a population 
of animals increases with decreasing rh. Here we explore the extreme lower and upper 
limits of Δ'17Obw by developing a “maximum evaporation body water model” (MAX-
EVAP) and a “minimum evaporation body water model” (MIN-EVAP), respectively. The 
lowest modern animal Δ'17Obw values (MAX-EVAP) are expected from animals that live 
in arid climates, consume a large amount of leaf water, and have low WEI values (high 
water use efficiency). Conversely, the highest modern animal Δ'17Obw values (MIN-
EVAP) are expected from animals that live in humid climates, consume little leaf water, 
and have high WEI values (poor water use efficiency). In the MAX-EVAP model, we use 
a WEI value of 0.05 mL/KJ, Δ'17O of meteoric water of 0.010‰, food associated water 
content ( ) of 0.7, and a leaf/stem ratio (rl/s) of 0.9. Similarly, we model the limits 
for the MIN-EVAP model by holding the WEI value at 0.6 mL/KJ, Δ'17O of meteoric 
water at 0.035‰,  at 0.4, and leaf/stem ratio at 0.1. We run these models under 
different rh, representing humid (rh = 0.8), semi-arid (rh = 0.5) and arid (rh = 0.3) 
environments, with meteoric water δ18O varying from –20‰ to +5‰.  Figure 2-9a shows 
that both the maximum and minimum Δ'17Obw values decrease with decreasing rh, but the 
sensitivity of Δ'17Obw to rh in the MAX-EVAP model is dramatic while that in the MIN-
EVAP model is negligible.  
fH2O-in-food
fH2O-in-food
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Figure 2-9. Modeled animal δ18Obw – Δ'17Obw ranges under different relative humidities, and comparision 
wtih data. (a) Modeled animal δ18Obw – Δ'17Obw range in humid (rh = 0.8, shown in purple shade), semi-arid 
(rh = 0.5, shown in green shade) and arid (rh = 0.3, shown in orange shade) climates. The blue rectangle in 
the upper left represents source water isotopic compositions used for the models. Thick dashed lines (upper 
limits) are model outputs from three MIN-EVAP models; solid lines (lower limits) are model outputs from 
the three MAX-EVAP models. Model parameters are as listed. MAX-EVAP models are highly sensitive to 
relative humidity change and range of Δ'17Obw increases with decreasing rh. Notice that the δ18Obw – Δ'17Obw 
range will be extended if range of source water (blue shade) is extended. Note that Figure 2-4 provides the 
explanation for why these lines are curved.  (b) Modeled Δ'17Obw range vs. relative humidity and 
comparison with data from modern animals. We run the MIN-EVAP and MAX-EVAP models with 
continuously changing rh, assuming δ18Omw = –4‰. Ranges in Δ'17Obw for a population of animals increase 
with decreasing humidity: upper limits (MIN-EVAP) on Δ'17Obw stay about the same with rh, whereas 
lower limits (MAX-EVAP) decrease with decreasing humidity. The total range is predicted to be 
approximately 0.2‰ in extremely arid climates. Our data are approximately consistent with this prediction, 
but are not adequate for fully exploring the range of possible climates and physiologies. Relative humidity 
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data are from the CRU 2.0 gridded climate dataset (New et al., 2002, see Table 2-1 and Table A2.2 for 
more information). 
 
 Figure 2-9b shows Δ'17Obw versus rh, modeled for both the MAX-EVAP and 
MIN-EVAP scenarios.  The model predicts an increasing range of Δ'17Obw with 
decreasing rh. We expect to observe both a wider range of Δ'17Obw and lower minimum 
Δ'17Obw for animals from arid environments.  Our dataset is consistent with this prediction 
(Figure 2-9b), but is inadequate for fully evaluating the prediction.  What is needed is a 
dataset where several species are studied, each across a wide range of climatic 
conditions. We are currently studying hippopotamus, elephant, giraffe, beaver, deer, and 
other animals across a wide range of climates, and the results support the model 
predictions presented in Figure 2-9b. This relationship between rh and Δ'17Obw forms the 
basis of an aridity index. 
 The advantage of using Δ'17Obw as an aridity proxy is that Δ'17Obw records 
evaporative signals with less influence from meteoric water compositions compared to 
the δ18O aridity index (e.g., Kohn, 1996; Levin et al., 2006). Unlike like Δ'17Obw, δ18O bw 
of animals is strongly influenced by local surface water compositions. Hence, when 
taking δ18Obw of 'MAX-EVAP' animals as an aridity proxy, it is necessary to normalize to 
local δ18Obw of 'MIN-EVAP' animals first (or "evaporation sensitive" (ES) versus 
"evaporation insensitive" (EI) animals in the parlance of Levin et al., 2006). But the 
absolute depletions of Δ'17Obw for ES animals can directly be used to indicate arid 
environments without normalization to Δ'17Obw of EI animals. This principle is widely 
applicable to both modern and fossil animals for determining climate change and 
reconstructing paleaoclimate or paleaoaridity.  A caveat is that one must account for the 
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possiblity of variable Δ'17O of atmospheric O2 when using Δ'17O bw to reconstruct 
paleoaridity.  
 
2.5.3.  Influence of Δ'17O of atmospheric O2  
If the Δ'17O of atmospheric O2 [Δ'17O (O2)] was not constant in the past, as seems 
to have been case (e.g., Luz et al., 1999; Bao et al., 2008), analysis of both EI and ES 
animals may be necessary for determining paleoaridity. For example, a ~0.1‰ change in 
Δ'17O (O2) may lead to ~0.03‰ change in Δ'17Obw (Table A2.1).  In other words, low 
Δ'17Obw values of fossil samples may not necessarily reflect high aridity, but rather low 
Δ'17O (O2) values.  Since the range in Δ'17Obw is strongly correlated to rh (Fig. 2-9b), a 
combination of examining both the range in Δ'17Obw and mean Δ'17Obw of a community of 
animals may allow resolution of the influence of both rh and Δ'17O (O2). 
The Ukhaa Tolgod dinosaurs (late Cretaceous, Mongolia) (Fig. 2-8b) have a 
Δ'17Obw range of ~ 0.10‰ (a range that could plausibly increase with additional 
sampling). Based on the discussion in section 5.2, and the model predictions shown in 
Figure 2-9, this suggests relative humidities of ~0.8 or lower during that time.  Previous 
studies suggest a seasonal and semi-arid environment for Nemegt Basin during late 
Cretaceous (Jerzykiewicz et al., 1993; Montanari et al., 2013). It is possible that the Δ'17O 
(O2) during late Cretaceous was different from present. If Δ'17O (O2) was higher, a more 
arid climate would be needed to explain the lowest Δ'17Obw values that we observe.  
Conversely, if Δ'17O (O2) was lower, more humid climates could explain the lowest 
Δ'17Obw values, but the range Δ'17Obw would still point to rh of about 0.8 or lower.  In 
summary, both the range in Δ'17Obw  and the mean of Δ'17Obw will be important in 
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distinguishing the rh signal from the Δ'17O (O2) signal during times when the latter was 
significantly different from present.   
Another related factor to consider when interpreting isotopic compositions of 
fossils is diagenesis. Open system digenesis tends to elevate Δ'17O of biominerals towards 
Δ'17O of meteoric water (e.g., Gehler et al., 2011), so anomalous Δ'17Obw indicates at least 
partial preservation of original biogenic signal. Thus, measured Δ'17O values place upper 
limits on primary Δ'17O values. If diagenisis did effect the dinosaur eggshell samples, 
then the Nemegt Basin may have been more arid or paleo Δ'17O (O2) values were more 
depleted than apparent from the measured isotopic compositions of the eggshells. 
  
2.5.4.  Case study: Australian Emus  
Here we present data from Australian Emu eggshells as a case study for using the 
combination of Δ'17Obw and δ18Obw to study climate and ecology. The emu eggshell 
samples in this study were previously studied by Johnson et al. (1999). They were 
collected from a range of seasonal precipitation and vegetation regimes across Australia 
and show a wide range in both Δ'17Obw and δ18Obw (Fig. 2-10). Some of this variability in 
oxygen isotope compositions of emu body water may be explained by diverse meteoric 
water sources from different locations. Precipitation across northern and central Australia 
is highly seasonal. The Australian monsoon delivers precipitation to the north during the 
summer months, westerly storm tracks deliver precipitation to the south during the winter 
months, and the continental interior areas receive limited precipitation in all seasons 
(Tapper and Hurry, 1993; Johnson et al., 1999; Barras and Simmonds, 2009).  
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Figure 2-10. Comparisons of observed emu body water isotopic compositions with predictions from 
different models. Source waters 1, 2 and 3 are representative of typical primary rainfall compositions in 
Australia. Source waters 4, 5 and 6 are pre-evaporated waters of isotopic compositions calculated based on 
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pan evaporation of typical primary rainfall (Criss 1999). Source waters 4, 5 and 6 are evaporated in 
environments with rh = 0.5, 0.5 and 0.3, respectively, and evaporated until 80%, 70% and 70% of the initial 
water mass remains, respectively. Initial water oxygen isotope compositions are δ18Oinitial = –4.0‰ and 
Δ'17Oinitial = 0.020‰. Grey shading shows the rh range for the locations where the emu samples were 
collected, based on the CRU 2.0 data product, where rh values are the long-term monthly averages for emu 
breeding months (see Table 2-1 and Table A2.2 for rh data). (a) Comparisons between emu data and 
standard models with source water compositions of 1, 2 and 3. The models show large discrepancies with 
the data. (b) Comparisons between emu data and models with WEI adjusted to 0.4 (from a value of 0.17), 
and source water compositions of 1, 2, 3 and 4. (c) Comparisons between emu data and models with WEI = 
0.4, rl/s =0.9 and fH2O-in-food = 0.7, and source water compositions of 1 to 6. The better agreement between 
data and the models showin in (b) and (c) suggest that emu typically have lower water use efficiency 
(higher WEI) than we initially assumed based on the ostrich analog, and that they commonly consume 
significant quantities of pre-evaporated water, either directly or as plant water sourced from pre-evaporated 
waters. 
 
We initially ran the emu body water model with standard model settings (Table 2-
3), and varied only the climate parameters, including relative humidity, and meteoric 
water δ18O and Δ'17O. Based on Liu et al. (2010), we estimated an average δ18Omw value 
of -4‰ for emu breading season (July through September). Δ'17Omw studies on Australian 
precipitation has not been carried out yet, so we used a typical global Δ'17Omw values 
from the reported Δ'17O ranges in Luz and Barkan (2010) and Li et al. (2015).  We set up 
three emu body water models with reasonable ranges of meteoric water (δ18O, Δ'17O) 
inputs: (-8‰, 0.04‰), (-4‰, 0.03‰), (0‰, 0.02‰) for model 1, model 2 and model 3, 
respectively. Each model was run with under a range of relative humidities.  In Figure 2-
10, the grey shadowed areas show the typical rh range during the breeding season based 
on the CRU 2.0 dataset (as in Table 2-1 and Table A2.2). In this run, the overall λ trend 
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of emu samples is consistent with modeled curves, but none of the data points lie within 
the modeled range. The real data have a far greater range, are more enriched in δ18Obw, 
and less depleted in Δ'17Obw compared to the model predictions. 
One possible explanation for this discrepancy is that emu are not able to maintain 
water balance without drinking, unless a water-rich food source is available (Dawson et 
al., 1983; Patodkar et al., 2009). Field observations indicate that emus drink regularly, 
and hence their effective WEI values may change from low to high when they drink large 
amounts of water. Therefore, the original WEI value of 0.17 based on ostrich might not 
always be applicable to typical emus. If we change the WEI values in models 1, 2 and 3 
from 0.17 to 0.4 (Figure 2-10b), the observed data with high Δ'17Obw fit better, except for 
a couple of points with high δ18Obw.  However, in this model, even extremely low rh can 
not account for the samples with low Δ'17Obw.   
It is possible and even likely that some of the water sources for the emu and the 
plants they eat are pre-evaporated. The Lake Eyre Basin, where many of the emu samples 
are found, extends across arid to semi-arid zones and is one of the largest internally 
drained river systems on Earth (Croke et al., 1996). The river system in the Lake Eyre 
Basin is characterized by extreme variation in discharge and flow duration, and is subject 
to high evaporative water losses (McMahon and Merz, 2005). Rainfall during the emu 
egg-lying season is usually sparse in Australia, and evaporation is the predominant cause 
of long-term water loss for the waterbodies in Lake Eyre Basin (Costelloe et al., 2003; 
Hamilton et al., 2005). As a result, observed δ18O values of the waterbodies are enriched 
along local evaporation lines, and can even be as high as ~ +20‰ (Hamilton et al., 2005). 
The Δ'17O of the remaining waterbodies should be low, as predicted by models of pan 
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evaporation as shown in Figure 2-1b (Criss, 1999; Luz and Barkan, 2010), and as 
observed for natural bodies of evaporated water (Luz and Barkan, 2010; Surma et al., 
2015). Therefore, we set up an additional model (model 4) based on a pre-evaporated 
water source. Using simple pan evaporation, we calculate δ18O = 3.284‰ and Δ'17O = –
0.001‰ for rh = 0.5 and 80% of initial water remained (δ18Oinitial = –4.000‰, Δ'17Oinitial = 
0.020‰). By taking the evaporation effects into consideration, model 4 seems to explain 
the data with both high δ18Obw and high Δ'17Obw (Fig. 2-10b).  
To explain data points with low Δ'17Obw, we increased the amount of evaporative 
water input by increasing leaf ratio to 0.9 and food water content to 0.7. Models in Figure 
2-10c have higher rl/s and fH2O-in-food, but the same WEI as models in Figure 2-10b. Source 
water in model 5 and 6 are pre-evaporated waters for rh = 0.5 and rh = 0.3 when 70% 
initial water remains. With all these assumptions, samples low in Δ'17Obw and high in 
δ18Obw can be explained.  
Overall, to the extent that our model predictions are accurate, the comparisons 
between models and observed patterns indicate emus typically have higher drinking 
water requirements than ostrich, and commonly obtain a large fraction of water from pre-
evaporated water sources, reflecting the the unique hydrology of the Lake Eyre Basin.  
Future studies could better evaluate these suggestions by more controlled and 
comprehensive sampling, for example in case studies where surface waters, plant waters, 
and contemporaneously-formed biominerals are collected over a specific time interval, 
during which climatic conditions are monitored in detail. 
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2.6.  CONCLUSIONS 
 The triple oxygen isotope modeling of animal body water described in this study 
reveals the potential of using Δ'17O to learn more about the environment and ecology of 
animals. This model extends traditional δ18O body water models to include Δ'17O, a better 
indicator of evaporation and relative contribution of metabolic water, and improves our 
ability to infer physiological and environmental information from biomineral isotopes. 
Observed animal body water isotopic compositions mostly validate our model 
predictions, although additional studies and more data are clearly needed to fully evaluate 
model predictions, and perhaps more importantly, to allow for refinement of the models. 
One of the most promising applications is using body water Δ'17O as a new proxy for 
paleoaridity and paleophysiology.  
In conclusion, this study presents several practical observations: (1) Animal body 
water Δ'17O is most influenced by relative humidity, fraction of leaf water intake, free 
water content in food and WEI values. Other physiological factors play less important 
roles in controlling body water Δ'17O, and body mass is a minor factor in our models. (2) 
Δ'17Obw is almost always lower than Δ'17Omw, primarily because of the low Δ'17O inputs of 
evaporated waters (including leaf waters) and metabolic water, which reflects a 
combination of food-bound O and atmospheric O2. (3) Populations of animals plot along 
approximately linear arrays in d18Obw versus Δ'17Obw space, following a trend of 
increasing δ18Obw with decreasing Δ'17Obw. (4) We predict and also observe that leaf-
eating, relatively water-independent animals such as giraffe, ostrich, and deer have lower 
Δ'17Obw and higher δ18Obw than more water-dependent animals from the same regions 
(e.g., hippopotamus, rhino, bison). Our model predicts that differences in Δ'17Obw 
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between such groups of animals will increase with decreasing relative humidity. That is, 
the community-wide range in Δ'17Obw increases with decreasing rh, making Δ'17Obw a 
potential proxy for past aridity. (5) Emus apparently have higher drinking water 
requirements than initially expected based on our choice of ostrich as an anologue, and 
emu body water isotopic compositions are consistent with the evaporation-dominated 
environment in central Australia during emu egg-lying season. (6) The body water model 
can potentially be used to help constrain Δ'17O of paleoatmospheric O2. Reconstructed 
Δ'17O(O2) values may be an important indicator of paleo-CO2 levels, paleo-CO2/O2 ratio, 
and past rates of carbon cycling. 
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CHAPTER 3: MESOZOIC CARBON CYCLING FROM TRIPLE OXYGEN 
ISOTOPES IN FOSSIL DINOSAURIAN EGGSHELL CARBONATE  
Abstract 
The triple oxygen isotope anomaly of atmospheric O2 [Δ'17O(O2)] is related to 
stratospheric photochemistry, the partial pressure of atmospheric CO2 (pCO2), and global 
primary productivity (GPP), and hence is a tracer of global carbon cycle dynamics. A 
tantalizing opportunity exists to study carbon cycles of the deep geologic past, because 
~ 5 – 30% of the oxygen in animal body water comes from atmospheric O2 through 
respiration (CH2O + O2 à CO2 + H2O), and biogenic carbonates forming in isotopic 
equilibrium with body water can preserve this Δ'17O(O2) signal over geological 
timescales. In order to use this property, we predict the degree of dilution of the 
Δ'17O(O2) signal in total animal body water by other sources of oxygen based on a triple 
oxygen isotope animal body water model. We address uncertainties from climate and 
physiology by modeling endmember and mean Δ'17O(body water) values under different 
Δ'17O(O2). Using these modeled relationships between Δ'17O(body water) and Δ'17O(O2), 
we narrow the range of concordant Δ'17O(O2) values that are consistent all observed 
Δ'17O(body water) values of contemporaneous animals. We have applied this method to 
fossil dinosaurian eggshells of Jurassic and Cretaceous age. Mid- and Late Cretaceous 
fossil samples indicate slightly lower or similar Δ'17O(O2) values compared to modern 
samples, indicating similar or slightly higher pCO2 or similar or slightly lower GPP. The 
Late Jurassic samples indicate anomalously low Δ'17O(O2) values, pointing to pCO2 
several times higher than present, reduced gross primary productivity, or a combination 
of both. Assuming present day GPP, pCO2 was up to 1490±780 ppm during the Late 
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Jurassic. The triple oxygen isotope approach, while unable to uniquely constrain pCO2 or 
GPP, shows promise for identifying distinctive modes of the carbon cycle in the 
geological past. Reconstructed Δ'17O(O2) constrains the slope of pCO2 versus GPP (that 
is, the GPP sensitivity to pCO2), which is of further value for investigating paleo-carbon-
cycling. 
 
3.1.  INTRODUCTION 
Atmospheric CO2 is thought to play a major role in regulating global temperature 
and biological activity (Arrhenius, 1896; Sundquist and Broecker, 1985; Royer et al., 
2001b). Ice core records show a close coupling between temperature (reconstructed from 
ice 𝛿18O) and the partial pressure of CO2 (pCO2) of trapped gases in the ice cores (Petit et 
al., 1999; Lüthi et al., 2008). Carbon dioxide levels affect key aspects of Earth's 
ecosystems, including primary productivity, distribution of terrestrial vegetation, and pH 
of the oceans (Long, 1991; Curtis and Wang, 1998; Cramer et al., 2001; Montañez et al., 
2007; Chaboureau et al., 2014).  The only direct records of pCO2 come from the trapped 
gases in polar ice cores, records which extend back to about 800,000 years (Barnola et al., 
1987; Petit et al., 1999; Lüthi et al., 2008; Ahn et al., 2012). Different methods have been 
used to investigate the pCO2 in the deeper geological past, including fossil leaf stomatal 
index (Royer, 2001; Haworth et al., 2005; Passalia, 2009), fossil leaf stomatal density 
(Woodward, 1987; Royer, 2001), carbon isotopes of palaeosols (Cerling, 1991; Ekart et 
al., 1999), boron isotopes of planktonic foraminifera (Pearson et al., 2009; Henehan et al., 
2013), and Earth system modeling (Berner, 2006; Franks et al., 2014). However, each of 
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these methods has specific limitations in constraining pCO2 in the past (Royer et al., 
2001a; Beerling and Royer, 2011), and hence, further studies remain essential. 
Triple oxygen isotopes (16O, 17O, 18O) in sulfates, oxides, and skeletal apatite are 
the basis of a relatively new approach for reconstructing past pCO2 (Bao et al., 2008) 
(Pack et al., 2013; Gehler et al., 2016). Oxygen atoms in these minerals partially originate 
from atmospheric O2, whose triple oxygen isotope composition relates to pCO2, gross 
primary productivity (GPP) and other factors (Luz et al., 1999; Bao et al., 2008; Blunier 
et al., 2012; Young et al., 2014).  This relationship arises because of the balance between 
17O-anomaly production in the stratosphere by photochemical reactions among O2, O3, 
and CO2, and 17O-anomaly sequestration to the hydrosphere forced primarily by 
photosynthesis and respiration of the global biota.  Conditions of high pCO2 or low GPP 
(or both) result in a deficit of 17O in atmospheric O2 relative to terrestrial reservoirs such 
as waters and rocks, while low pCO2 and high GPP cause atmospheric O2 to have an 
isotopic composition more similar to terrestrial reservoirs. Section 4 discusses these 
phenomena in more detail.  
This method of reconstructing past carbon cycling involves three separate 
challenges: (1) measuring 17O anomalies of minerals with a high degree of precision (~10 
ppm or 0.01‰ in the Δ'17O value, defined in Section 2); (2) reconstructing Δ'17O of 
atmospheric O2 [Δ'17O(O2)] based on measured Δ'17O values of minerals; and (3) relating 
Δ'17O(O2) to pCO2 and GPP.  In this study, challenge (1) is addressed using the recently 
developed analytical methods described in Passey et al. (2014) for Δ'17O analysis of CO2 
(including CO2 liberated from carbonates by acid digestion).  Challenge (3) is addressed 
using the  Δ'17O(O2)-pCO2-GPP model of Cao and Bao (2013).  To address challenge (2), 
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we develop a new "environmental physiology isotope concordance" (EPIC) approach that 
explicitly accounts for uncertainty introduced by climate and animal physiology, both of 
which strongly control Δ'17O of body water independently of the control that Δ'17O(O2) 
exerts on Δ'17O of body water. 
In this chapter, we will first present triple oxygen isotope compositions of 71 
dinosaurian eggshell carbonates ranging in age from Late Jurassic to Late Cretaceous. 
We then use the triple oxygen isotope body water model described in Chapter 2 to model 
the isotopic relationships between atmospheric O2 and animal body water.  We introduce 
the EPIC approach and illustrate how it is used to place constraints on Δ'17O(O2). Finally, 
we infer Mesozoic carbon cycling, including pCO2 and GPP, using the reconstructed 
Δ'17O(O2) values combined with the Δ'17O budget model of Cao and Bao (2013).  
 
3.2.  MATERIALS AND METHODS 
3.2.1.  Triple oxygen isotope notation and background 
We use δ and δ' - notation to express the relative abundance of 17O and 18O, which 
are defined as: 
 
 
Here R = xO/16O and x = 17 or 18. The logarithmic 𝛿′-notation better describes 
the linearized relationship of mass-dependent oxygen isotope fractionations. 
Fractionation factors for oxygen isotopes between different phases or states are defined as: 
αA-B
x =xRA/
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materials. Mass-dependent fractionation (MDF) involving three oxygen isotopes can be 
related through a fractionation exponent, θ or λ (Barkan and Luz, 2005; Landais et al., 
2006; Luz and Barkan, 2010). The MDF laws can be equated as: (Mook 
and Rozanski, 2000), where 𝜃A-B (or 𝜆A-B) is the specific MDF exponent for oxygen 
isotopes between phases A and B, which is approximately 0.52 for physical and chemical 
processes at Earth surface temperatures (Craig, 1957; Friedman and O'Neil, 1977; Miller, 
2002; Young et al., 2002; Rumble et al., 2007). Different oxygen isotope fractionation 
processes have variable 𝜃 values, ranging from ~0.5160 of kinetic process to 0.5305 of 
high temperature equilibrium process (Young et al., 2002; Cao and Liu, 2011).  
The Δ'17O value describes the departure of δ'17O from a reference relationship 
between δ'17O and δ'18O: 
  Δ'17O = δ'17O – λref × δ'18O       (1) 
where λref is the slope of a reference 𝛿′17O - 𝛿′18O line. In this study, we choose the 
global meteoric water line (GMWL) of 𝜆ref = 0.528 as reference (Meijer and Li, 1998; 
Luz and Barkan, 2010). Variation in 𝜃 or 𝜆 values during oxygen isotope fractionations 
will lead to different values of Δ'17O. For instance, 𝜃 of kinetic processes are typically 
lower than the equilibrium processes. Thus leaf waters or evaporated surface waters that 
experience different degrees of evaporation show relative low Δ'17O values compared to 
stem waters and unevaporated surface waters (Fig. 3-1).  
In contrast to mass dependent fractionation, mass-independent fractionation (MIF) 
is independent of the mass differences between isotopes, and can lead to Δ'17O values 
with large positive or negative magnitudes. These processes follow a relationship of 
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processes are particularly important in the stratosphere and are a significant contributor to 
the anomalous Δ'17O values observed in atmospheric O2 (Fig. 3-1).  
 
Figure 3-1. Triple oxygen isotope data compilation of sea water (Luz and Barkan, 2010), meteoric water 
(Luz and Barkan, 2010; Li et al., 2015), snow and ice (Landais et al., 2008; Landais et al., 2012a; Landais 
et al., 2012b), plant water (Landais et al., 2006), soil water reconstructed from soil carbonates (Passey et 
al., 2014), animal body water (Chapter 2) and atmospheric O2 (Barkan and Luz, 2005, 2011; Young et al., 
2014). There is large 17O-deficit in atmospheric O2 compared to natural waters.  
 
Atmospheric O2 is a significant oxygen input with distinct isotopic composition 
that accounts for ~ 5 – 30% oxygen of the total body water of nonaquatic terrestrial 
animals. Other major oxygen inputs include drinking water and stem water (both with 
Δ'17O values similar to meteoric waters), and leaf water (with markedly lower Δ'17O 
values which decrease with decreasing relative humidity). Generally speaking, animal 
body water oxygen isotope compositions show trends similar to those of leaf waters 
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because of kinetic effects during evaporation, and lower Δ'17O values than surface waters 
because of the low Δ'17O inputs from atmospheric O2 (Fig. 3-1). 
3.2.2.  Materials 
We analyzed the triple oxygen isotope compositions of 71 eggshell samples of the 
Late Cretaceous, Early Cretaceous and Late Jurassic epochs. Most of the eggshell 
samples are identified as dinosaurian, including Oviraptoridae, Maiasaura, Troodon and 
some unidentified dinosaurid samples. Others are not clearly related to dinosaurs, such as 
crocodilian eggshell, or lack identification. Sample information is summarized in Table 
3-1. 
Samples are divided into groups based on locality and age (Table 3-1). Overall, 
we have 6 groups of different ages. Late Cretaceous samples are in Mastrichitian age 
from Shanyang Formation (×5) Shaanxi, China; Campanian to Mastrichitian age from 
Nemegt Formation (×8), Bugin Tsav, Mongolia; Campanian age from Djadokhta 
Formation, Mongolia (Ukhaa Tolgod ×4, Bayn Dzak ×4), Two Medicine Formation 
(×15), Montana, USA, and Jingangkou Formation (×12), Shandong, China; and 
Santonian age from Jiangjunding Formation (×2), Shandong, China. Early Cretaceous 
samples are in Albian age from Cedar Mountain Formation (×9), Utah, USA, and 
Xinminpu Group (×1), Gansu, China. Late Jurassic samples are in Oxfordian age from 
Morrison Formation, Colorado, USA (×11). We will interpret pCO2 and GPP for each 
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Table 3-1. Sample information 
Age Sample ID/Formation Taxon / Ootaxon Location 
Late Cretaceous   
Maastrichtian 





S140514-7 Elongatoolithidae Shanyang Basin, Shaanxi, China 
Maastrichtian
/Campanian 
Nemegt Formation   Bugin Tsav 1.1 
BB06 Bugin Tsav 
BB08 Bugin Tsav 
Bugin Tsav BT4 
Bugin Tsav eggshell BT1 
Bugin Tsav eggshell BT2 
Bugin Tsav eggshell BT3 
Bugin Tsav 1GM100/1189 
Oviraptorid Bugin Tsav, Nemegt Basin Mongolia 
 Djadokhta Formation 
  
Campanian 
Ukhaa Tolgod JH1 
Ukhaa Tolgod A7 1.1 
A5-1.1 Ukhaa Tolgod 






A26-Bayn-Dzak Bayn Dzak 1GM100/1150 Oviraptorid Bayn Dzak, Nemegt 
Basin, Mongolia Bayn Dzak 1GM 100/1154, -2 Protoceratops (?) 


















Jingangkou Formation   





















Early Cretaceous  
  
Albian 











Dinosaurid Emery, Utah, USA 
Xinminpu Group   
G140616-A Stalicoolithidae? Yujingzi Basin, Gansu, China 
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3.2.3.  Analytical methods 
The isotopic analyses of all samples were performed in the stable isotope lab at 
Johns Hopkins University using a dual inlet Thermo MAT 253 isotope mass spectrometer. 
All dinosaur eggshell samples were analyzed for triple oxygen isotope composition 
following the analytical methods described in Passey et al. (2014). Fossil samples may 
endure different degrees of digenesis. Prior to isotopic sampling, the surface layers of all 
fossil eggshell samples were removed by mechanical abrasion because they appeared to 
be more altered than the interior of the eggshells. Typically 7-9 mg of eggshell calcite 
was sufficient for one analysis of well-preserved samples, but 10-14 mg was needed for 
less well preserved samples that had non-carbonate ingrowths (e.g., silica replacement of 
pore space or carbonate; see Section 3 for more information on diagenetic alteration of 
the samples). The triple oxygen isotope analytical procedure involves phosphoric acid 
digestion of carbonate at 90 °C, reduction of the purified CO2 product by hydrogen over 
hot (560 °C) Fe catalyst, fluorination of the purified H2O product at 360 °C using CoF3, 
and analysis of the purified O2 by extended-collection-time dual inlet mass spectrometry. 
Details of this analytical method can be found in Passey et al. (2014).  
Triple oxygen isotope values were first normalized to the VSMOW2 and SLAP2 
scale with a reference slope of 𝜆ref = 0.528 (Schoenemann et al., 2013). Then, the 𝛿′18O 
values of sample eggshells were corrected based results from standards analyzed along 
with the samples (NBS-18, NBS-19, 102-GC-AZ01, Tank #2 CO2) with known 𝛿′18O 
values, using the correction scheme described in Passey et al. (2014).  
Dinosaur samples reported in this study were analyzed from February 2013 to 
August 2015. The observed triple oxygen isotope compositions of the four standards 
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were: Tank #2 CO2, n = 30, 𝛿′18O = 31.6 ± 0.6‰, Δ'17O = –0.119 ± 0.008‰; NBS-18, n = 
23, 𝛿′18O = 15.1 ± 0.5‰, Δ'17O = –0.101 ± 0.013‰; NBS-19, n = 29, 𝛿′18O = 36.4 ± 
0.7‰, Δ'17O = –0.140 ± 0.012‰; 102-GC-AZ01, n = 16, 𝛿′18O = 23.8 ± 0.7‰, Δ'17O = –
0.108 ± 0.014‰. Long-term mean external precisions (1𝜎) observed for standards are 
0.6‰ and 0.011‰ for 𝛿′18O and Δ'17O, respectively. Except for Δ'17O value of 102-GC-
AZ01, these values are indistinguishable from the values reported in Passey et al. (2014). 
We have observed slightly lower Δ'17O values of 102-GC-AZ01 (~0.015‰ lower) since 
2014.  
In order to calculate the triple oxygen isotope compositions of dinosaur body 
water, we still need a dinosaur body temperature to estimate oxygen isotope fractionation 
factors between eggshell carbonates and body water. However, dinosaur 
thermoregulation has been debated for many decades (Weishampel et al., 1990). 
Recently, Eagle et al. (2011) and Eagle et al. (2015) used clumped isotope thermometry 
to determine dinosaur body temperatures from fossil teeth and eggshells. They observed 
similar body temperatures (36-38 °C) to modern endotherms for sauropods and 
titanosaurs, but lower body temperatures (~ 30 °C) for oviraptors. Our clumped isotope 
results (Table A3.1) for the oviraptors from Mongolia also indicate similar low body 
temperatures as Eagle et al. (2015). These results suggest variability in non-avian 
dinosaur thermoregulation and body temperature. In this case, the fractionation factors 
(𝛼) of oxygen isotopes might be variable for dinosaurs with different body temperatures, 
and hence influence the final calculations of body water isotope compositions. Passey et 
al. (2014) presented an oxygen isotope fractionation factor of 
 for eggshell carbonates and body water at bird body 18αCaCO3−H2O =1.0380± 0.0008
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temperature (~ 38-40 °C). Based on previous oxygen isotope fractionation studies (O'Neil 
et al., 1969; Kim and O'Neil, 1997), we estimated that 10 °C decrease in dinosaur body 
temperature will lead to ~ 0.002 increase in 18𝛼CaCO3-H2O, and hence ~ 1.9‰ decrease in 
calculated body water 𝛿18O values. But fractionation exponents are not closely related to 
temperature. Using the fractionation exponents reported by Passey et al. (2014), 
, we calculate that a 0.002 increase in 18𝛼CaCO3-H2O will only 
cause ~ 0.007‰ increase in body water Δ'17O values. In this study, we will mainly focus 
on using Δ'17O. So ~ 1.9‰ variations in 𝛿18O will not influence our conclusions, and ~ 
0.007‰ variations in Δ'17O is negligible within analytical error. Consequently, we 
calculate the triple oxygen isotope compositions for dinosaur body water based on the 
Passey et al. (2014) fractionation factors for modern eggshell carbonates.  For 
convenience, all discussions later in this paper refer to the equivalent body water oxygen 
isotope compositions calculated from the eggshell carbonates. All carbonate isotopic data 
and calculated body water isotopic compositions are reported in Table 3-2. 
We also carried out 𝛿13C, 𝛿18O, and clumped isotope analyses on a subset of 
samples. These samples were digested by 100% phosphoric acid (H3PO4) to produce CO2 
and analyzed for 𝛿13C, 𝛿18O, and clumped isotopes after the CO2 was purified through an 
extraction line designed for carbonate clumped isotope thermometry (Passey et al., 2010; 
Henkes et al., 2014). For these analyses, 𝛿18O values are given on the VPDB scale and 
are normalized to NBS-19. 𝛿18O of VPDB scale was converted to the VSMOW scale 
using the relationship 𝛿18OVSMOW = 1.03091 × 𝛿18OVPDB  + 30.91 (Coplen et al., 1983). 
We calculated paleotemperatures using linear regressions through the Δ47-temperature 
calibration from Defliese et al. (2015): Δ47 = 37120/T2 + 0.2784 (T in Kelvin). All isotope 
λCaCO3−H2O = 0.5245± 0.0003
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values (𝛿17O, 𝛿18O, Δ'17O, 𝛿13C, Δ47) used in this paper are in ‰ (parts per thousand) 
notation and are reported in Table 3-2 and Table A3.1.  
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Figure 3-2. Measured dinosaur body water triple oxygen isotope compositions from different time 
intervals, and comparisons with modern animals. The small black dots are body water data from modern 
samples reported in Chapter 2. Grey shadowed area represents the maximum possible range in Δ'17Obw for 
dinosaurs, predicted from the MAX-EVAP-2 and MIN-EVAP-2 models when assuming present day 
Δ'17O(O2) value (–0.506‰, Barkan and Luz (2011)). Note that rh values in MAX-EVAP-2 and MIN-
EVAP-2 models are 0.1 and 0.9 to better account for uncertainty in past climates. (a) Mastrichtian (Late 
Cretaceous) samples from Shanyang Formation of China. (b) Maastrichtian/Campanian (Late Creteaceous) 
samples from Nemegt Formation of Bugin Tsav, Mongolia. (C) Campanian (Late Cretaceous) samples 
from Djadokht Formation (Bayn Dzak and Ukhaa Tolgod) of Mongolia, Two Medicine Formation of USA 
and Jingangkou Formation of China. Two Medicine Formation samples consist of two types of dinosaurs, 
Troodon (open triangle) and Maiasaura (filled triangle). Most of the Djadokhta Formation samples are 
oviraptorid, except for two samples of the lowest Δ'17O values from Bayn Dzak are possibly protoceratops. 
Jingangkou Formation samples are poorly identified for species. (d) Santonian (Late Cretaceous) samples 
from Jiangjunding Formation of China. (e) Albian (Early Cretaceous) samples from Cedar Mountain 
Formation of USA and Xinminpu Group of China. (f) Oxfordian (Late Jurassic) samples from Morrison 
Formation of USA. 
 
 
3.3.  RESULTS AND PRELIMINARY DISCUSSION 
3.3.1.  Stable isotopes 
Stable isotope results for dinosaur eggshell carbonate and equivalent body water are 
reported in Table 3-2.  Figure 3-2 shows body water triple oxygen isotope compositions 
of dinosaurs for each time period in the context of results for modern animals, while 
Figure 3-3 illustrates the values as a function of geologic time. We observe significant 
variability in dinosaur body water triple oxygen isotope compositions for different groups 
of dinosaurs and also within the same groups of dinosaurs, with the overall variability 
exceeding that observed for modern animals.
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Table 3-2. Measured isotopic compositions of eggshell samples, and calculated compositions of parent waters of these samples. Values are given in units of per 
mil (‰) relative to the VSMOW-SLAP scale of Schoenemann et al. (2013), with 𝜆 = 0.528. 
Time Sample ID Na 
Measured values 18αd 
(CaCO3–H2O) 
Calculated body water values 
δ18Ocb 1σ  c Δ17Ocb  1σ  c δ18Owb ±
e Δ17Owb, f ±
e 
Late Cretaceous             
Mastrichtian Shanyang Formation             
 S140519-1 2 29.526 0.3 -0.196 0.001 1.0380 -8.120 1.2 -0.067 0.017 
 S140515-19 2 35.045 1.2 -0.217 0.001 1.0380 -2.803 1.2 -0.088 0.017 
 S140515-16 2 34.186 0.9 -0.211 0.005 1.0380 -3.630 1.2 -0.082 0.017 
 S140517-4 2 38.313 0.1 -0.230 0.004 1.0380 0.346 1.2 -0.101 0.017 
 S140514-7 2 32.694 1.2 -0.239 0.008 1.0380 -5.067 1.2 -0.110 0.017 
Maastrichtian
/Campanian 
Nemegt Formation             
Bugin Tsav 1.1 3 30.364 0.2 -0.154 0.005 1.0380 -7.313 1.1 -0.026 0.015 
 BB06 Bugin Tsav 2 32.204 0.4 -0.186 0.008 1.0380 -5.540 1.2 -0.057 0.017 
 BB08 Bugin Tsav 2 30.351 0.6 -0.161 0.001 1.0380 -7.325 1.2 -0.032 0.017 
 Bugin Tsav eggshell BT1 2 29.603 0.5 -0.146 0.006 1.0380 -8.045 1.2 -0.017 0.017 
 Bugin Tsav eggshell BT2  3 29.396 0.2 -0.150 0.006 1.0380 -8.245 1.1 -0.021 0.015 
 Bugin Tsav eggshell BT3 3 30.280 0.3 -0.155 0.001 1.0380 -7.394 1.1 -0.026 0.015 
 Bugin Tsav 1GM100/1189 2 28.470 0.1 -0.142 0.001 1.0380 -9.137 1.2 -0.013 0.017 
 Bugin Tsav BT4 2 30.058 0.0 -0.166 0.006 1.0380 -7.607 1.2 -0.037 0.017 
Campanian Djadokhta Formation             
 Ukhaa Tolgod JH1 3 34.865 0.5 -0.258 0.006 1.0380 -2.977 1.1 -0.129 0.015 
 Ukhaa Tolgod 1GM100/975 2 28.824 1.0 -0.211 0.019 1.0380 -8.796 1.2 -0.082 0.017 
 A5-1.1 Ukhaa Tolgod 3 33.633 1.0 -0.258 0.001 1.0380 -4.163 1.1 -0.129 0.015 
 Ukhaa Tolgod A7 1.1 3 25.951 0.5 -0.157 0.003 1.0380 -11.564 1.1 -0.028 0.015 
 Djadokhta Formation             
 A26-Bayn-Dzak 3 29.440 1.1 -0.199 0.004 1.0380 -8.203 1.1 -0.070 0.015 
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Table 3-2 (continued) 
Time Sample ID Na 
Measured values 18ad 
(CaCO3–H2O) 
Measured values 
d18Ocb 1s c D17Ocb  1s c d18Ocb 1s c D17Ocb ±e 
Campanian Djadokhta Formation (continued)           
(continued) Bayn Dzak 1GM100/1150 4 27.319 0.4 -0.205 0.008 1.0380 -10.247 1.0 -0.077 0.014 
 Bayn Dzak 16M 100/1154 2 30.847 0.4 -0.358 0.001 1.0380 -6.848 1.2 -0.229 0.017 
 Bayn Dzak 1GM100/1154-2 2 30.822 0.3 -0.350 0.002 1.0380 -6.871 1.2 -0.221 0.017 
 Two Medicine Formation             
 UCM-377-1 2 23.750 0.6 -0.185 0.002 1.0380 -13.685 1.2 -0.056 0.017 
 UCM-377-2 2 23.219 0.1 -0.169 0.009 1.0380 -14.196 1.2 -0.040 0.017 
 UCM-377-3 2 23.859 0.5 -0.189 0.003 1.0380 -13.579 1.2 -0.060 0.017 
 UCM-948-1 3 27.282 0.4 -0.196 0.004 1.0380 -10.281 1.1 -0.067 0.015 
 UCM-948-2 2 27.311 0.6 -0.193 0.012 1.0380 -10.254 1.2 -0.064 0.017 
 UCM-948-3 2 28.075 0.0 -0.189 0.007 1.0380 -9.517 1.2 -0.060 0.017 
 UCM-949-1 3 23.298 0.2 -0.164 0.015 1.0380 -14.120 1.1 -0.035 0.015 
 UCM-949-2 2 26.957 0.1 -0.222 0.001 1.0380 -10.595 1.2 -0.093 0.017 
 UCM-949-3 2 24.938 0.4 -0.214 0.003 1.0380 -12.540 1.2 -0.085 0.017 
 UCM-378-1 2 26.675 0.5 -0.215 0.000 1.0380 -10.867 1.2 -0.086 0.017 
 UCM-378-2 2 28.284 0.4 -0.256 0.005 1.0380 -9.317 1.2 -0.128 0.017 
 UCM-378-3 2 28.184 0.1 -0.246 0.004 1.0380 -9.413 1.2 -0.117 0.017 
 UCM-952-1 3 27.393 0.5 -0.225 0.007 1.0380 -10.175 1.1 -0.096 0.015 
 UCM-952-2 1 27.946 – -0.249 – 1.0380 -9.643 1.5 -0.120 0.022 
 UCM-952-3 2 28.655 0.2 -0.248 0.005 1.0380 -8.959 1.2 -0.119 0.017 
 Jingangkou Formation             
 S090723-D2# 2 32.914 0.9 -0.225 0.017 1.0380 -4.856 1.2 -0.096 0.017 
 Jingangkou Formation             
 L110813-D2# 2 30.852 0.8 -0.270 0.006 1.0380 -6.842 1.2 -0.141 0.017 
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Table 3-2 (continued) 
Time Sample ID Na 
Measured values 18ad 
(CaCO3–H2O) 
Measured values 
d18Ocb 1s c D17Ocb  1s c d18Ocb 1s c D17Ocb ±e 
Campanian Jingangkou Formation (continued)           
 L120625-D3 2 35.007 0.6 -0.267 0.002 1.0380 -2.840 1.2 -0.138 0.017 
 L120722-D3 2 31.666 0.5 -0.253 0.000 1.0380 -6.058 1.2 -0.124 0.017 
 L101209-D2 2 29.552 0.2 -0.184 0.005 1.0380 -8.095 1.2 -0.055 0.017 
 L100525-D2-1 2 33.258 0.7 -0.211 0.008 1.0380 -4.524 1.2 -0.082 0.017 
 L110712-D2 2 28.825 0.3 -0.180 0.008 1.0380 -8.795 1.2 -0.051 0.017 
 L100510-D6# 2 31.788 1.3 -0.188 0.001 1.0380 -5.941 1.2 -0.059 0.017 
 L100601-D5 2 33.279 1.7 -0.204 0.001 1.0380 -4.505 1.2 -0.075 0.017 
 L100525-D2-2 2 34.933 1.0 -0.220 0.001 1.0380 -2.911 1.2 -0.091 0.017 
 L100509-D2C 2 34.837 1.1 -0.248 0.016 1.0380 -3.004 1.2 -0.119 0.017 
 L110816-D1 2 32.900 1.5 -0.285 0.005 1.0380 -4.869 1.2 -0.156 0.017 
Santonian Jiangjunding Formation             
 L120630-D1# 2 33.123 0.0 -0.225 0.006 1.0380 -4.654 1.2 -0.096 0.017 
 L130605-D1 2 31.990 0.2 -0.184 0.000 1.0380 -5.746 1.2 -0.055 0.017 
Early Cretaceous             
Albian Cedar Mountain Formation             
 UCM-264-6-1 2 35.959 0.2 -0.216 0.006 1.0380 -1.922 1.2 -0.087 0.017 
 UCM-264-6-2 2 33.826 0.0 -0.275 0.002 1.0380 -3.977 1.2 -0.146 0.017 
 UCM-264-6-3 2 35.525 0.1 -0.209 0.001 1.0380 -2.340 1.2 -0.080 0.017 
 UCM-861-1 2 30.490 0.5 -0.164 0.005 1.0380 -7.191 1.2 -0.035 0.017 
 UCM-861-2 2 35.639 0.5 -0.263 0.001 1.0380 -2.231 1.2 -0.135 0.017 
 UCM-861-3 2 32.891 0.6 -0.207 0.001 1.0380 -4.878 1.2 -0.078 0.017 
 UCM-157-1 2 32.435 0.0 -0.209 0.002 1.0380 -5.317 1.2 -0.080 0.017 
 UCM-157-2 2 32.629 0.6 -0.211 0.002 1.0380 -5.130 1.2 -0.082 0.017 
 UCM-157-3 2 33.179 0.0 -0.216 0.004 1.0380 -4.601 1.2 -0.087 0.017 
	   74	  
Table 3-2 (continued) 
Time Sample ID Na 
Measured values 18ad 
(CaCO3–H2O) 
Measured values 
d18Ocb 1s c D17Ocb  1s c d18Ocb 1s c D17Ocb ±e 
Albian Xinminpu Group             
(continued) G140616-A 2 29.490 0.3 -0.157 0.002 1.0380 -8.155 1.2 -0.028 0.017 
Late Jurassic             
Oxfordian Morrison Formation             
 UCM-418-1 2 35.113 0.3 -0.380 0.011 1.0380 -2.737 1.2 -0.252 0.017 
 UCM-418-2 2 33.143 1.0 -0.403 0.010 1.0380 -4.635 1.2 -0.274 0.017 
 UCM-418-3 2 34.813 0.9 -0.369 0.007 1.0380 -3.026 1.2 -0.240 0.017 
 UCM-418-4 2 35.179 0.7 -0.396 0.010 1.0380 -2.674 1.2 -0.267 0.017 
 UCM-532-1-1 2 35.287 0.1 -0.401 0.001 1.0380 -2.570 1.2 -0.273 0.017 
 UCM-532-1-2 2 31.190 0.2 -0.343 0.004 1.0380 -6.516 1.2 -0.214 0.017 
 UCM-532-1-3 2 31.533 0.4 -0.364 0.005 1.0380 -6.187 1.2 -0.235 0.017 
 UCM-532-1-4 2 34.837 0.1 -0.368 0.011 1.0380 -3.003 1.2 -0.239 0.017 
 UCM-656-1 2 35.644 0.7 -0.372 0.003 1.0380 -2.226 1.2 -0.243 0.017 
 UCM-656-2 2 33.331 0.3 -0.309 0.015 1.0380 -4.454 1.2 -0.180 0.017 
 UCM-656-3 2 35.356 0.3 -0.402 0.003 1.0380 -2.503 1.2 -0.273 0.017 
a. Number of triple oxygen isotope analyses. Procedures are described in Section 2.3. 
b. δ18Oc and Δ17Oc are isotopic compositions of O2 generated from carbonate samples; δ18Ow and Δ′17Ow are calculated parent water oxygen isotope compositions. 
Values are first normalized to VMOW-SLAP scale (Schoenemann et al., 2013), and then normalized to known 𝛿!"O values of carbonates standards (Passey et 
al., 2014). 
c. Values are 1𝜎 (n = 3), or the absolute per mil differences between pairs of analyses (n = 2). 
d. Assuming dinosaurs body temperature is ~ 38-40 °C, fractionation factor for fossil eggshell carbonates is 1.0380, a combined mineral-water and acid digestion 
fractionation as determined by (Passey et al., 2014).  
e. Values are based on standard error propagation using the 95% confidence intervals error reported in Passey et al. (2014) for 18𝛼CaCO3-H2O=1.0380±0.0008 and 
𝜆CaCO3-H2O = 0.5245±0.0003. Observed average external precision for δ
18Oc and Δ'17Oc measurements from February 2013 to August 2015 are 0.6‰ (1σ) and 
0.011‰ (1σ). Then, errors used in the propagations are 1.96 × S.E.M, where S.E.M. are generic errors.  S.E.M. = average external precision/ 𝑁 (N is number 
of analyses). 
f. Calculated using Δ'17Ow = Δ'17Oc + 103ln18αCaCO3–H2O × (0.528 – λCaCO3–H2O), where λCaCO3–H2O is 0.5245 for all samples. 
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General observations include: (1) almost all the dinosaur body water compositions 
are lower in  Δ'17O values than meteoric waters (Δ'17Omw: ~ –0.01‰ - 0.05‰, Fig. 3-1), 
an expected pattern related to the influence of evaporated water and low Δ'17O input from 
atmospheric O2; (2) there is typically a large range in Δ'17O values within each age-
locality group of samples, indicating that different dinosaurs species (or individuals 
within species) may have had different physiologies and behaviors, or that they 
experienced different environmental conditions; and (3) Cretaceous samples have similar 
or slightly lower body water Δ'17O values relative to modern samples, while Late Jurassic 
samples have significantly lower body water Δ'17O values relative to modern samples. 
Two samples from the Campanian-age Djadokhta Formation (Bayn Dzak locality), and 
the entire group of samples from Oxfordian-age Morrison Formation, lie well outside of 
the Δ'17Obw range of modern animals (Fig. 3-2c, f and Fig. 3-3). The two Bayn Dzak 
samples with low Δ'17Obw values are outliers compared to all the other Campanian 
samples, whereas the Morrison Formation samples cluster together.  
Taxon-specific partitioning of Δ'17Obw is observed in the dinosaur samples from 
Two Medicine Formation, Montana (Fig. 3-2c). The fossil samples are identified as 
Troodon (Troodontidae) and Maiasaura (Hadrosauridae) (Chin, 2007). Troodon is 
generally thought to have preyed on small mammals, dinosaur eggs and dinosaur 
hatchlings, and possibly insects, although omnivory has also been suggested for Troodon 
on the basis of the pattern of tooth serrations (Holtz Jr et al., 1998).  Maiasaura  is 
interpreted as a herbivore, possibly consuming poor-quality, high fiber vegetation (Chin, 
2007). For the other localities, there is generally insufficient taxonomic identification of 
the eggshell samples to permit an evaluation of taxon-specific isotope partitioning.  
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Figure 3-3. The Δ'17O dinosaur body record for Late Jurassic through Late Cretaceous, and comparisons to 
the Δ'17O of modern animal body water. 
 
3.3.2.  Preservation of samples 
Electron backscatter diffraction (EBSD), X-ray Diffraction (XRD) and energy-
dispersive spectrometry (EDS) results indicate good preservation for most of the 
Cretaceous samples, but poor preservation for some of the Late Jurassic samples (Fig. 
A3.2). EBSD is capable of detecting loss of primary crystallographic orientation, 
presence of secondary mineralization, and recrystallization (Pérez-Huerta et al., 2007; 
Cusack et al., 2008; Pérez-Huerta et al., 2012). For well-preserved samples, the 
crystallographic characteristics were broadly comparable to modern ostrich eggshell 
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calcite. Observed diagenetic features include patchy dolomitization of several Cretaceous 
samples and heavy silicification for some Late Jurassic samples. Open-system digenesis 
should elevate Δ'17O of biominerals towards Δ'17O of meteoric water (Gehler et al., 2011), 
so anomalous body water Δ'17O values (lower than the observed range of Δ'17O for 
meteoric water, Fig. A3.3) indicate at least partial preservation of original biogenic 
signal. For instance, the reconstructed Δ'17O values of Ukhaa Tolgod dinosaur body water 
are lower than the surface waters reconstructed from the eggshell associated soil 
carbonates (Fig. A3.3, Table A2.3). In other words, the Ukhaa Tolgod samples are either 
unaltered (isotopically), or at least not totally altered. Thus measured Δ'17O values place 
upper limits on primary Δ'17O values. Although EBSD results indicate the Morrison 
formation samples are partially altered, the significantly lower Δ'17O values we observed 
in fossil eggshell carbonates indicate that the fossil samples are not totally altered and the 
original Δ'17O values in fossil eggshells may have been even lower than the observed 
values. 
Clumped isotopes and Δ'17O can be used as two independent proxies to evaluate 
the preservation of fossil samples. Unlike Δ'17O, clumped isotopes are sensitive to both 
open system diagenesis (high water/rock ratio) and closed system digenesis (rock/water 
à ∞). Clumped isotopes record the temperature of mineralization, be it primary 
mineralization in the living animal (at body temperature), or secondary mineralization 
during diagenesis. Purely closed system diagenesis is capable of changing isotopic 
clumping, but has no influence on bulk isotopic composition such as Δ'17O because all of 
the diagenetic oxygen originates from the sample itself (Ferry et al., 2011; Huntington et 
al., 2011). We can examine isotopic alteration of samples based on the difference 
	   78	  
between observed clumped isotope temperatures and plausible body temperatures (Fig. 
A3.3). Almost all of the Late Jurassic samples show very high clumped isotope 
temperatures and hence have experienced a degree of digenesis.  The fact that these 
samples preserve highly anomalous Δ'17O and elevated clumped isotope temperatures is 
consistent with closed system diagenesis, but does not rule out a contribution of open-
system diagenesis (which would tend to elevate Δ'17O above original values). The 
Mongolia samples record clumped isotope temperatures that are plausible as body 
temperatures (~22 – 37 °C). The low body temperatures we observed in these Mongolia 
dinosaurs are consistent with the low body temperatures reported by Eagle et al. (2015) 
based on clumped isotope compositions of eggshells from the same localities.  These 
results are consistent with, but do not prove, essentially no isotopic diagenesis in terms of 
clumping and bulk isotopic composition. 
In summary, many of the samples have experienced significant diagenesis, and 
diagenesis cannot be entirely ruled out for any of the samples.  However, the extent to 
which this diagenesis affected Δ'17O values less certain, and all samples preserve Δ'17O 
values that are lower than typical meteoric water values, suggesting that they preserve at 
least part of their original Δ'17O signals.  Accordingly, the fossil Δ'17O values should be 
interpreted as placing upper limits on primary Δ'17O values.  As will become clear later in 
this paper, this translates to the fossil Δ'17O values placing lower limits on estimates of 
past pCO2. 
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3.4.  RECONSTRUCTION OF PALEO-CARBON-CYCLING 
3.4.1.  Δ'17O(O2) reconstruction using the environmental physiology isotope 
concordance approach 
The triple oxygen isotope body water model developed in Chapter 2 illustrates 
that isotopic compositions of animal body water are influenced by climate, animal 
physiology and diet. Chapter 2 used MAX-EVAP and MIN-EVAP models to evaluate 
body water Δ'17O endmembers of modern animals and suggested an increasing range in 
Δ'17O of body water from humid to arid climates (see Fig. 2-9 of Chapter 2). Variations in 
climate and physiology can lead to as large as ~0.20‰ differences in Δ'17Obw. Using this 
approach, we develop specific endmember models and a mean model to evaluate the 
variations in dinosaur body water Δ'17O values with different atmospheric O2 Δ'17O values.  
These endmembers are a key aspect of the 'environmental physiology isotope 
concordance' (EPIC) approach for identifying the range of Δ'17O(O2) values that are 
concordant with observed Δ'17Obw  values. 
 The endmember models we use in this study consider extreme environmental and 
physiological conditions in order to model the maximum and minimum possible Δ'17O 
values of dinosaur body water under any given Δ'17O(O2) value. Relative humidity (rh), 
free water content in food (fH2O-in-food), fraction of ingested leaf water relative to total 
ingested food water [rl/s = leaf/(leaf+stem)] and water economy index (WEI) are the four 
most important parameters in regulating animal body water compositions when source 
water isotopic compositions are fixed. Where possible, we use dinosaur-specific 
physiological parameters, for example sweat/(sweat + pant) =  0 (because dinosaurs 
almost certainly did not sweat; (Bakker, 1971; Paladino et al., 1990; Barrick et al., 1996).  
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The  𝛿18Omw input for all dinosaur models is fixed at -15.0‰, a value reflective of the 
mid- to high latitude and continental nature of many of the sample localities (we note that 
Δ'17O(body water) is relatively insensitive to 𝛿18Omw, with a 10‰ change in 𝛿18Omw 
leading to < 0.01‰ change in Δ'17O of body water).  Using such parameters, we present 
revised 'MAX- and MIN-EVAP' models, termed MAX-EVAP-2 and MIN-EVAP-2, 
which are based on extension of the limits of climatic and physiological parameters of the 
body water model.  The model parameters are listed in Table 3-3.  As will become more 
apparent below, extending these limits has the effect of enlarging the error bars on our 
estimates of Δ'17O(O2), meaning that our estimated error in Δ'17O(O2) is more 
conservative. The MAX-EVAP-2 model, giving the lower Δ'17Obw limit, represents 
evaporation sensitive dinosaurs with low WEI values living in extremely arid climates (rh 
= 0.1), and ingesting high water content leaves instead of stems. The MIN-EVAP-2 
model, giving the upper Δ'17Obw limit, represents evaporation insensitive dinosaurs with 
high WEI values living in extremely humid climates (rh = 0.9) and ingesting low water 
content stems instead of leaves. These two models should bracket the possible maximum 
and minimum Δ'17Obw values for dinosaurs. 
We then model the response of Δ'17Obw  to Δ'17O(O2) for both the MIN-EVAP-2 
(high Δ'17Obw limit) and the MAX-EVAP-2 models (low Δ'17Obw limit). For each model, 
we obtain a unique slope and intercept for the Δ'17Obw - Δ'17 O(O2) relationship (slopes 
and intercepts are given in Table 3-3). These response curves, to the extent that the 
models are accurate, will bracket the total Δ'17Obw range in nonaquatic terrestrial animal 
body water for any given Δ'17O(O2) value (Fig. 3-4a).  
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Table 3-3. Body water model parameters for MIN-EVAP-2, MAX-EVAP-2 and MEAN model. 
Parametersa Values MAX-EVAP-2 MIN-EVAP-2 MEAN 
Animal Specific Parameters    
Mass (kg) b    40      40      40 
Metabolic pre-exponent       2.955       2.955       2.955 
Metabolic exponent       0.727       0.727       0.727 
Oxygen conversion factor (mole/kJ)  2.16×10-3  2.16×10-3  2.16×10-3  
Water economy index (WEI, ml/kJ) c     0.05  0.60 0.25 
Fecal H2O content (fraction of total mass)     0.6     0.6     0.6 
Sweat/(sweat+pant) ratio (thermoregulation type)     0.0     0.0     0.0 
Fraction of O2 used (fraction of inhaled O2)     0.2     0.2     0.2 
Z_value d   10.5   10.5   10.5 
Body Temperature (K) e 311.15 311.15 311.15 
Environmental Parameters    
Relative humidity (rh)     0.1      0.9      0.5 
Environmental temperature (K) 288.15 288.15 288.15 
Meteoric water d18O  –15.0‰  –15.0‰  –15.0‰ 
Meteoric water Δ′17O    0.010‰   0.035‰   0.020‰ 
Atmospheric O2 d18O  23.5‰ 23.5‰ 23.5‰ 
Atmospheric O2 Δ′17O  Variable: from –5.000‰ to –0.100‰ 
Food Parameters (fractional)    
Relative Digestibility     0.8      0.8       0.8   
Energy extraction efficiency     0.9     0.9     0.9 
Food carbohydrate content     0.85     0.85     0.85 
Food fat content     0.05     0.05     0.05 
Food protein content      0.10     0.10     0.10 
Food associated free H2O content     0.70    0.40    0.55 
Plant/(Plant+Meat) ratio     1.0     1.0     1.0 
Leaf/(stem+leaf) ratio (fraction of total ingested food water)     0.9     0.1     0.5 
Model outputs: Δ′17Obw = A ×  Δ′17O(O2)   +  B 
f    
A 0.2784 0.1167 0.2414 
B –0.0481 0.0657 0.0460 
a. Animal specific and food parameters are from Kohn (1996) if not specified. 
b. Estimated from ostrich. Influences of mass on Δ′17Obw are negligible (Chapter 2). 
c. Possible WEI range is based on the study of Nagy and Peterson (1988) and Nagy (2004). 
d. Z-value = [𝛿18O (exhaled O2) – 23.5]/ (Fraction of O2 used) (Kohn, 1996) 
e. Assuming dinosaur body water temperature is 38 °C. Body temperature is not a major factor in 
regulating Δ′17Obw. 
f. Based on this equation, Δ′17O(O2) can be calculated for any given Δ′17Obw.  
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Figure 3-4. Δ'17Obw – Δ'17O(O2) response curves for Δ'17O(O2) reconstructions. (a) Response curves from 
the MAX-EVAP-2 (red line), the MIN-EVAP-2 (blue line) and the MEAN (green line) model. Grey 
shadowed area includes all possible Δ'17O values of body water for any given Δ'17O of atmospheric O2. (b) 
Reconstructing Δ'17O(O2) using the Morrison Formation samples as an example. We use the 'EPIC' 
concordance method to infer the range of reconstructed Δ'17O(O2) consistent with the Δ'17Obw values of all 
samples. That is, for all observations of Δ'17Obw of the same group, there should be one single range of 
Δ'17O(O2) that account for all samples. 
 
 
Figure 3-5. Illustration of the EPIC method for constraining the possible range of Δ'17O(O2), using modern 
samples. (a) Δ'17O(O2) range predicted from one specimen (sample: USABAL-bird-8). (b) A further 
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constrained Δ'17O(O2) range predicted from all northeast U.S. bird samples. (c) A very narrowly 
constrained Δ'17O(O2) range predicted from all modern animal samples. 
 
The concordance aspect of the approach is carried out by examining animal 
Δ'17Obw values in the context of these response curves.  For any given Δ'17Obw value, the 
two curves bracket the range of Δ'17O(O2) values that could have existed during the 
lifetime of the animal.  In plotting all observed Δ'17Obw values for a single fossil locality 
(that is, a single time-location instance), there should be one single Δ'17O(O2) range that is 
accounts for all of the observations (Fig. 3-4b, using Morrison Formation samples as 
example). This range is the concordant Δ'17O(O2) range for the time period in question.  
This range will be minimized (= error in reconstructed Δ'17O(O2) is minimized) when the 
analyzed samples span the full range of animal physiologies and climatic conditions for a 
given time period. Modern samples in Chapter 2 are of various physiologies and from 
different climatic conditions, which are ideal for illustrating how the EPIC method 
constrains Δ'17O(O2) ranges. A single wild bird sample from northeast U.S. gives a 
possible Δ'17O(O2) range of –0.05‰ - –1.09‰ (Fig. 3-5a), whereas this wide range will 
be narrowed down to –0.14‰ - –0.53‰ when taking all northeast U.S. birds into 
consideration (Fig. 3-5b), and finally to –0.34‰ - –0.53‰ when including all modern 
samples (Fig. 3-5c). In Figure 3-5, we can see that the highest Δ'17O(O2) value is 
constrained by the sample of lowest Δ'17Obw value, and vice versa. Hence, the 
reconstructed Δ'17O(O2) range will be most precise when the collection of fossil samples 
cover the whole range of Δ'17Obw for a given time instance. Undersampling of coetaneous 
animals (which is generally the case for each time instance in our study), will lead to a 
less well constrained range of Δ'17O(O2). However, this range is still robust as it brackets 
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the ‘real’ Δ'17O(O2) value.This is the advantage of using the EPIC method in 
reconstructing Δ'17O(O2) values relative to commonly-used ‘mean value + error bars’ 
method. It directly constrains possible Δ'17O(O2) values into a reliable range, which can 
be further minimized with additional sampling. Table 3-4 shows our estimates of the 
Δ'17O(O2) range for each group of samples from Late Jurassic to Late Cretaceous based 
on the EPIC approach. 
A set of samples may be said to be 'discordant' when there is no single Δ'17O(O2) 
value that is consistent with all observed Δ'17Obw values at a given fossil locality.  Such 
discordance might arise from isotopic diagenesis of fossil samples, from diachroneity of 
the fossil assemblage (i.e., different individuals represented in the assemblage lived 
during different time intervals with different Δ'17O(O2) values), or inappropriateness of 
the body water models for the particular organisms in question (for example, if there are 
gross errors in our model, or if some of the organisms were fully aquatic such as fish, and 
hence not represented by our model).  
For comparison, we also present estimates of Δ'17O(O2) using a MEAN body 
water model representing moderate climate and intermediate physiology and behavior. 
Similarly, we obtain a relationship between Δ'17Obw and Δ'17O(O2) for the MEAN model 
that lies between the MAX-EVAP-2 and MIN-EVAP-2 relationships (Table 3-3, Fig. 3-
4a). Then, using the average Δ'17Obw value for each group of samples, we can reconstruct 
“mean” Δ'17O(O2) values for each time interval (Table 3-4). 
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Table 3-4. Reconstructed Δ'17O(O2) values (‰), and pCO2 (ppm) when assuming GPPt/GPP0 = 1. 
Age Formation/Location 
EPIC method 












Modern Various –0.34 –0.53 170 390 –0.43 280 
Mastrichtian Shanyang Formation –0.22 –1.14 43 1102 –0.56 429 
Maastrichtian/Campanian Nemegt Formation, Bugin Tsav –0.03 –0.68 0 560 –0.31 140 
Campanian 
Djadokhta Formation, Ukhaa Tolgod –0.29 –0.80 120 710 –0.57 440 
Djadokhta Formation, Bayn Dzak –0.65 –1.16 530 1130 –0.81 710 
Two Medicine Formation  –0.29 –0.87 110 780 –0.53 390 
Jingangkou Formation –0.39 –1.00 230 940 –0.60 470 
Santonian Jiangjunding Formation –0.17 –1.04 0 980 –0.50 360 
Albian Cedar Mountain Fm. & Xinminpu Group –0.35 –0.80 190 710 –0.54 400 
Oxfordian Morrison Formation –0.81 –2.11 710 2280 –1.20 1180 
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3.4.2.  Δ'17O budget model 
Once Δ'17O values of atmospheric O2 are reconstructed, we need a model of 
Δ'17O(O2) – pCO2 – GPP to infer characteristics of past carbon cycling. Recently, Cao 
and Bao (2013) and Young et al. (2014) modeled the budget of Δ'17O of atmospheric O2 
by considering the influences from GPP, O2/CO2 ratio, stratospheric chemistry, 
stratospheric-troposphere dynamics, and other factors. Generally, a dominant origin of 
non-zero Δ'17O values in the atmosphere is the mass independent O3–CO2–O2 
photochemical reactions in the stratosphere. The relevant photochemical reactions in the 
stratosphere have been investigated theoretically and experimentally, and fundamental 
reactions for generating 17O-anomalies include: 
  
These processes ultimately produce 17O-enriched O3 and CO2 (Δ'17O > 0), and 17O-
depleted O2 (Δ'17O < 0) (Yung et al., 1997; Luz et al., 1999; Bao et al., 2008; Cao and 
Bao, 2013; Young et al., 2014). After transport into the troposphere, the isotopically 
anomalous CO2 and O2 exchange oxygen with the effectively infinite reservoir of the 
hydrosphere, a process driven by photosynthesis and respiration. Although the 
isotopically anomalous O2 is consumed by respiration and replaced by isotopically 
normal O2 from photosynthesis, this flux is relatively small compared with the 
stratospheric production. Additionally, atmospheric O2 has a longer residence time 
(~1200 yrs., Bender et al. (1994)) than CO2 (5-15 yr., Essenhigh (2009)). Thus the 
negative 17O anomaly of O2 accumulates and eventually stabilizes when the negative 
O3 + hν→O(





3 P),        O(3 P)+O2 M" →" O3
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Δ'17O flux carried by O2 to the hydrosphere matches the positive Δ'17O flux carried by 
CO2.   
Table 3-5. Parameters in Δ'17O(O2) budget model 
Parameter Value Comment 
pCO2 a Variable  e.g. Pre-industrial pCO2 = 280 ppm 
pO2 b 0.21 bar (4.15 × 1019 mole) Present day pO2  
Moles of O2 = 0.21 × total moles of atmosphere = 
0.21 × 1.98 × 1020 mole (Young et al., 2014) 
GPP c 3.43 × 1016 mole O2 a–1 Present day GPP = gross marine productivity + 
gross terrestrial productivity (Blunier et al., 2012) 
𝜌 pO2/pCO2 O2/CO2 ratio 
𝜏 O2/GPP = Moles of O2/GPP 
𝛷(𝜌) d 1.039 – λ  × 𝛿18OCO2-O2– 1.1738 l = 0.52 (Cao and Bao, 2013) 
𝛿18OCO2-O2 (64 + 146 × (𝜌/1.23))/(1 + 𝜌/1.23) Shaheen et al. (2007) 
𝜃 e 0.0170 Fixed in our model 
𝛾 e 0.1321 Fixed in our model 
𝛿18OAtm-O2 23.5‰ Assumed d
18O value of atmospheric O2 
a. pCO2 is variable in the model to generate different Δ′17O(O2) values.  
b. pO2 is fixed at present day value as it has little influence on Δ′17O (O2) when pCO2/GPP is not high. 
Total moles of atmospheric gas from Young et al. (2014). 
c. Total gross primary productivities of ocean and terrestrial biosphere (Blunier et al. 2012).  
d. Relationship taken from Cao and Bao (2013) using a reference scheme of 𝜆  = 0.52. Readers can also 
refer to Cao and Bao (2013) for derivations of this relationship.  
e. Values from Cao and Bao (2013). 
  
Assuming a steady state Δ'17O anomaly in the troposphere, the negative and 
positive magnitude of 17O-anomalies depend on the balance of CO2 and O2 fluxes. Thus 
the anomaly magnitude in O2 is strongly influenced by global primary productivity of 
biosphere (GPP). Consequently, the negative Δ'17O anomaly in O2 increases with 
increasing tropospheric pCO2 and decreases with increasing GPP. In our study, we use 
the Δ'17O model of Cao and Bao (2013) for paleoclimate reconstructions. Their Δ'17O 
model at steady state is: 
        (2) Δ 17OO2 =
−Φ ρ( )γθτ
1+ ρ + γθτ
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where Φ(ρ) is the difference of Δ'17O between steady-state CO2 and O2 in O2–CO2–O3 
photochemical reaction, which is a function of ρ and 𝛿18OCO2-O2   (see Table 3-5 for 
equations), ρ is the ratio of pO2/pCO2, τ is the residence time of atmospheric O2 (≡ 
pO2/FGPP, and FGPP is total rate of GPP including terrestrial and marine productivity); and 
γ and θ reflect the stratosphere–troposphere exchange rate and the mixing efficiency in 
the stratosphere, respectively. Values of all parameters in equation (2) are presented in 
Table 3-5. In the original model of Cao and Bao (2013), Δ'17O values were calculated 
using a 𝜆ref = 0.52. We convert the output Δ'17O values into the 𝜆ref = 0.528 reference 
scheme by assuming atmospheric δ18OO2 = 23.5‰ (δ
'18OO2 = 23.2‰). For any given 
Δ'17O(O2) value (𝜆ref = 0.52) from the original model, the corresponding 𝛿'17O of 
atmospheric O2 can be calculated as δ'17OO2 = Δ'
17OO2  + 0.52 × δ
'18OO2. Then, based on 
known δ'18OO2 and δ
'17OO2 values, we can recalculate  Δ'
17O(O2) values in the 𝜆ref = 0.528 
reference scheme based on equation (1). Thus, we have a 𝜆ref = 0.528 -based Δ'17O(O2) – 
pCO2 – GPP relationship that suits our data. For any given Δ'17O(O2) values reconstructed 
from the MAX-EVAP-2, MIN-EVAP-2 and MEAN dinosaur body water model, we can 
interpret the pCO2 and GPP combination during that time. 
 
3.4.3.  Paleo-carbon-cycling reconstructions 
We will first discuss the pCO2 reconstructions assuming GPP and pO2 of the past 
(GPPt, pO2(t)) are the same as today (GPP0, pO2(0)), and then discuss the situation when 
GPP and pO2 are not known. 
3.4.3.1 pCO2 reconstructions when GPPt = GPP0 and pO2(t) = pO2(0) 
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Figure 3-6. Reconstructed pCO2. (a) pCO2 when assuming GPP is the same as today, and comparisons 
with the GEOCARBSULF modeling result (Royer et al., 2007). The thick orange curve is the best fit of the 
GEOCARBSULF model suggested by Royer et al. (2007). Red, blue and green diamonds are pCO2 
calculated from MAX-EVAP-2, MIN-EVAP-2 and MEAN models, respectively. (b) Refined pCO2 when 
taking variations of GPP into consideration. Based on the GPP estimates from Beerling (1999), all 
Cretaceous samples are remodeled with GPPt = 1.83×GPP0, and Late Jurassic samples with GPPt = 
2.17×GPP0.  
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Our method can be used under the following assumptions to reconstruct pCO2 of 
the past: the body water models are accurate, the GPP is the same as present, and the 
atmospheric Δ'17O(O2) was constant during the lifetimes of the eggshell-laying animals 
from each time-location group. We then use the estimated Δ'17O(O2) values in Table 3-4 
and set GGPt/GPP0=1 in equation (2) to model pCO2 for each group of samples. The 
pCO2 estimates using this method are presented in Table 3-4 and Figure 3-6a. We 
reconstruct a modern pCO2 range of 170 – 390 ppm from the MAX-EVAP-2 and MIN-
EVAP-2 model, and an average value of 280 ppm from MEAN model. This result is 
consistent with the preindustrial pCO2, and hence the preindustrial Δ'17O(O2) value, since 
atmospheric O2 is dominantly “preindustrial” due to the long residence time of O2 
(Bender et al., 1994). We reconstruct similar or slightly elevated pCO2 during the 
Cretaceous and a significantly elevated pCO2 during the Late Jurassic. The general 
patterns of our reconstructed pCO2 are similar to pCO2 trends inferred from the 
GEOCARBSULF model of Royer et al. (2007). But our results suggest slightly lower 
pCO2 during the Cretaceous relative to GEOCARBSULF model (Royer et al., 2007) 
under the assumption of GGPt/GPP0=1.  
This method predicts pCO2 in a very conservative way, because we extended the 
MAX-EVAP-2 and MIN-EVAP-2 models to extreme conditions, in order to represent 
endmembers of all possible dinosaur body water Δ'17O. The response curves of Δ'17Obw - 
Δ'17O(O2) from these two models consider uncertainties from variations in climate, 
physiology and diet. Actual pCO2 values in the past were probably not lower than the 
values predicted from the MIN-EVAP-2 model, but could be higher than the values 
predicted from MAX-EVAP-2 if fossil samples were altered in Δ'17O. Even though our 
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method gives large uncertainty ranges in pCO2, the range could be narrowed down when 
animal physiology, diet and environmental conditions are well sampled.  This could be 
accomplished by targeting fossil localities with numerous specimens of numerous species, 
as well as by sampling from many fossil localities globally for each time interval. We 
also tested the sensitivities of pCO2 to variations in Δ'17Obw and Δ'17O(O2) for the MEAN 
model. For every 0.10‰ decrease in Δ'17Obw, the MEAN model predicts ~0.40‰ 
decrease in Δ'17O(O2), which will eventually cause ~480 ppm increase in pCO2. As our 
high precision triple oxygen isotope measurements give an analytical precision of 0.01‰ 
for Δ'17O, this method could potentially resolve < 100 ppm changes in pCO2.  An 
interesting testpiece would be to apply this method to detect the pCO2 variations between 
glacial and interglacial times. 
3.4.3.2 GPPt and pCO2 constrains 
In actuality, GPP and pO2 have both varied over geological time.  Here we discuss 
the sensitivity of reconstructed pCO2 to these variables, and we then incorporate 
estimates of GPP from Earth system models to illustrate one way in which Δ'17O-based 
estimates of pCO2 might be refined. 
The model of Cao and Bao (2013) shows that Δ'17O(O2) becomes less negative 
with decreasing pO2, but that the influence of pO2 on predicting pCO2 is minor when 
Δ'17O(O2) is not very negative or GPP and pCO2 were not highly elevated. Figure 3-7 
shows changes in both pCO2 and GPP with half pO2 using Two Medicine Formation 
(Late Cretaceous) and Morrison Formation (Late Jurassic) samples as an example. The 
pCO2 – GPP curves are plotted based on the reconstructed Δ'17O(O2) values from the 
MEAN model and the Δ'17O(O2) budget model of Cao and Bao (2013). The Morrison 
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Formation samples point to a lower Δ'17O(O2) value and a steeper pCO2 – GPP slope 
relative to Two Medicine samples. The influence of halving pO2 is not as obvious for the 
Two Medicine pCO2 – GPP curves within the plotted range. Even under extreme 
greenhouse conditions (high GPP and high pCO2), halving pO2 will not cause significant 
changes in final predictions of both GPP and pCO2. The two pCO2 – GPP curves of 
Morrison Formation deviate slightly more from each other when GPP and pCO2 are both 
very high (Fig. 3-7). For instance, when GPPt = 5×GPP0, predicted pCO2 will increase 
from 6120 ppm to 6460 ppm, about 6% change, with half pO2. The influences of pO2 will 
be more significant under extreme high GPP and pCO2 conditions or for excessively 
steeper pCO2 – GPP curves (that is, anomalously lower Δ'17O(O2) values). Under such 
conditions, pO2 variations should not be overlooked when using Δ'17O(O2) to reconstruct 
pCO2. The pO2 reconstruction of Berner (1999) suggests that during the Mesozoic, pO2 
varied between ~ 20 vol.% to ~ 25 vol.%. Such varitions in pO2 would have little effect 
on Δ'17O-based reconstructions of pCO2 and GPP. Even though some other authors have 
suggested that pO2 was half its current value during parts of the Mesozoic (Falkowski et 
al., 2005; Berner, 2006; Tappert et al., 2013), reconstructed pCO2 would increase less 
than 10% under half pO2 when pCO2 < 10000 ppm and GPP < 8×GPP0. Besides, 
previous studies show Mesozoic pCO2 was not very likely to exceed 7000 ppm (Royer et 
al. 2007), and hence for the purposes of this study we fix the pO2 value at the modern 
value.  
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Figure 3-7. Influence of pO2. The Δ'17 O(O2) O(O2) values along the curves are reconstructed Δ'17O(O2) 
values from the MEAN model for both Morrison Formation and Two Medicine Formation. We then model 
the pCO2 – GPP curves based on the reconstructed Δ'17O(O2) values and the Δ'17O(O2) budget model of Cao 
and Bao (2013). Black curves are modeled using pO2 of the present day value (0.210 bar), while red curves 
are modeled using half-present pO2 (0.105 bar).In contrast, Δ'17O(O2) is very sensitive to changes in GPP. 
For a given Δ'17O(O2) value, the reconstructed pCO2 value would approximately double per doubling of 
GPP (Luz et al., 1999; Blunier et al., 2002; Blunier et al., 2012; Cao and Bao, 2013; Young et al., 2014). 
This means we cannot separately constrain GPP and pCO2 based only on reconstructed Δ'17O(O2) values. 
Earth system models are one approach for independently estimating GPP. In general terms, such models 
use past plate tectonic configurations and paleo GCMs to simulate past distributions of characteristic 
ecoregions (e.g., tropical evergreen forest, steppe, desert), and from these distributions estimate GPP.  
Beerling (1999) estimated global GPP during Late Jurassic and Mid-Cretaceous at ~2.17 and ~1.83 times 
present GPP. Figure 3-6b and Table 3-6 show the refined pCO2 with these estimated GPP values.  
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Table 3-6. Refined pCO2 with adjusted GPP. Cretaceous samples using GPPt  = 1.83×GPP0, and  
Jurassic samples using GPPt = 2.17×GPP0. Mean pCO2 refers to the value derived from the Mean body 
water model, not the average of the Min and Max pCO2 estimates. 





Modern Various 170 390 280 
Mastrichtian Shanyang Formation 80 2030 790 
Maastrichtian/Campanian Nemegt Formation, Bugin Tsav 0 1030 260 
Campanian 
Djadokhta Formation, Ukhaa Tolgod 220 1300 810 
Djadokhta Formation, Bayn Dzak 970 2080 1310 
Two Medicine Formation  200 1440 720 
Jingangkou Formation 420 1730 870 
Santonian Jiangjunding Formation 0 1810 660 
Albian Cedar Mountain Fm. & Xinminpu Group 350 1300 740 
Oxfordian Morrison Formation 1560 5050 2580 
 
 
However, Earth system models still have major uncertainties in predicting GPP of 
the deep past.  Our work provides the relationship of GPP and pCO2 that can be further 
used in Earth system models. From the model of Cao and Bao (2013), it can be shown 
that Δ'17O(O2) represents the ratio of GPP and pCO2 when pO2 is fixed. As discussed 
before, the reconstructed Δ'17O(O2) values therefore define unique curves on a plot of 
pCO2 versus GPP (Fig. 3-8). The Δ'17O(O2) ranges reconstructed from the EPIC approach 
indicate similar or slightly different carbon cycling during Cretaceous, but significantly 
different carbon cycling during the Late Jurassic. Cretaceous samples indicate slightly 
lower or similar Δ'17O(O2), that is, pCO2/GPP ratios that were similar to or slightly higher 
than present. This either means a similar carbon cycle to today, or the pCO2 and GPP 
were both higher. The Late Jurassic samples have significantly lower Δ'17O compared to 
today, indicating an anomalous pCO2/GPP ratio.  The ratio points to less vigorous carbon 
cycling (lower GPP) for any given pCO2, a condition that could be referred to as a 'slow' 
carbon cycle.  During Late Jurassic, the GPP and pCO2 may both have been high, or they 
may both have been low. Either way suggests a fundamentally different carbon cycle 
during the Late Jurassic.  
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Overall, the best estimates for both GPP and pCO2 can be achieved by combining 
our Δ'17O(O2) – pCO2 –GPP predictions with other Earth system models.  Since GPP 
estimates from Earth system models are not generally independent of the pCO2 values 
specified in those models, a promising way forward would be to run Earth system models 
over a range of pCO2 values.  If GPP were calculated for each model run, this approach 
would allow construction of a model-based GPP - pCO2 response curve (a model GPP 
sensitivity to pCO2).  Such curves could be overlain on the Δ'17O(O2)-based GPP-pCO2 
relationship (i.e., Fig. 3-8), and the intersection of the curves may point to the most likely 
pCO2 / GPP combination for the particular time interval. 
 
Figure 3-8. pCO2 – GPP response range for modern and Morrison Formation times. Slopes of red, blue and 
green lines are calculated based on the Δ'17O(O2) values reconstructed from MAX-EVAP-2, MIN-EVAP-2 
and MEAN models, respectively. The significantly different range indicates distinct carbon cycling during 
Late Jurassic relative to today. 
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3.5.  CONCLUSIONS 
Δ'17O of dinosaur eggshells shows great potential for reconstructing paleo-carbon-
cycling.  The method is based on entirely different mechanisms than existing pCO2 
proxies, which makes it a valuable addition to the available toolbox for reconstructing 
past carbon cycling. Although there are large uncertainties in constraining pCO2, the 
method has several unique features that distinguish it from other proxies. For instance, it 
should not lose sensitivity at high pCO2 (a limitation of fossil leaf stomata-based 
approaches), and it should not produce ‘false high CO2’ estimates (a limitation of the soil 
carbonate 𝛿13C method). It is possible that uncertainties could be continually reduced by 
the addition of Δ'17O data from coeval fossil samples, and accuracy can be improved as 
we refine animal body water models, and models of the relationships among Δ'17O(O2), 
pCO2, pO2, and GPP. 
Using the Δ'17O method, we reconstruct similar to present (or slightly higher) 
pCO2 during Cretaceous, and up to 1490 ± 780 ppm during Late Jurassic when assuming 
GPP was the same as today. Refined pCO2 results are ~ 1× to 4× present pCO2 for 
Cretaceous, and ~ 9× present pCO2 for Late Jurassic after considering different GPP 
values during Mesozoic. These results are generally consistent with other studies and 
proxies in the general pattern of substantially higher pCO2 for the early Mesozoic, and 
declining pCO2 in the mid- and Late Mesozoic toward near-present values.  Our results 
also constrain relationships between past pCO2 and GPP, which may be further used in 
conjunction with Earth system models to permit a better understanding of past carbon 
cycle dynamics. 
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APPENDIX A. SUPPLEMENTARY DATA 
Supplementary data associated with this chapter (Table A3.1, Figure A3.2, and Figure 
A3.3) can be found in the appendices. 
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CHAPTER 4: CONCLUSION AND FUTURE RESEARCH 
 This dissertation describes a fundamental triple oxygen isotope body water model 
and a unique approach of using Δ'17O for paleo-carbon-cycling reconstructions. This 
work was accomplished through extensively laboratory experiments and careful 
modelings. It should shed light on future applications of using triple oxygen isotopes in 
biominerals for paleoclimate studies.  
The triple oxygen isotope body water model of Chapter 2 provides insights into 
the roles of physiological and environmental factors in regulating body water Δ'17O, and 
shows the potential of using Δ'17O of body water as a proxy of paleoaridity and 
paleoecophysiology. Our observations suggest Δ'17O of body water (Δ'17Obw) is a good 
indicator of evaporation, and is strongly influenced by the relative proportions of 
evaporative water intake. Δ'17Obw is most sensitive to the effects of relative humidity, 
fraction of leaf water intake, free water content in food and the water economy index of 
an animal. We predict and also observe that a leaf-dependent animal of low WEI values 
should have lower Δ'17Obw values than a leaf-independent animal of high WEI values in 
the same area. We also modeled an increasing range in Δ'17Obw with decreasing relative 
humidity between leaf-dependent and leaf-independent animals. Besides, the model also 
predict ~ 5-30% oxygen of body water is from atmospheric O2, which provides modeling 
support to the study of Chapter 3.  
Chapter 3 presents an approach of using Δ'17O of dinosaur body water to model 
the carbon cycling of the Mesozoic. The three essential elements of this method are: (1) 
Δ'17O values of dinosaur body water calculated from analyzed Δ'17O of dinosaurian 
eggshell carbonates, (2) the Δ'17Obw – Δ'17O(O2) relationships modeled from the body 
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water model of Chapter 2, and (3) the Δ'17O budget model of Cao and Bao (2013) to 
relates Δ'17O(O2) and pCO2/GPP. Our results show similar to present or slightly higher 
pCO2 during Cretaceous, and up to 1490±780 ppm of pCO2 during Late Jurassic when 
assuming GPP is the same as today, but could also be much higher with higher GPP. 
Besides, the reconstructed Δ'17O(O2) values are of great potential in reconstructing the 
ratio of pCO2 and GPP, which can be further used with Earth system models, as they 
could not constrain pCO2 and GPP separately. 
Our work is just a start of the triple oxygen isotope study in biominerals, but 
shows a promising future in this field. The most exciting application is to utilize the 
Δ'17O(O2) – pCO2 –GPP proxy to fossil vertebrates biominerals from any time period of 
interest. This work should not be limited to fossil eggshell carbonates and tooth enamel 
apatite. Even though dentin and bone are always strongly affected by diagenesis, first 
triple oxygen isotope analysis on these materials is also of great importance as fossil bone 
is more abundant compared to fossil tooth enamel. An interesting compliment research to 
this dissertation is to explore the full range of Mesozoic dinosaur body water Δ'17O by 
analyzing vast numbers of fossil dinosaur eggshells, bones, tooth enamels and dentins. 
The trend of the lowest Δ'17O values observed from each time period should be closely 
related to the pCO2/GPP trend over Mesozoic. Similarly work can be done to any time of 
interest that might show distinct carbon cycling (e.g., Paleocene-Eocene Thermal 
Maximum, Pleistocene glacial-interglacial cycles). Theoretically, our Δ'17O proxy is able 
to resolve < 100 ppm changes in pCO2, whether or not it is capable to distinguish pCO2 
variations during glacial-interglacial cycles is worth testing. Besides pCO2/GPP 
reconstructions, the general predictions from the body water model, especially the 
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increasing Δ'17Obw trend with decreasing relative humidity, are also very useful in 
evaluating paleoaridity and animal paleoecophysiology. For instance, investigating triple 
oxygen isotope compositions of Holocene mammals could provide us information of 
local aridity, which is also closely related to human evolutions. Additionally, triple 
oxygen isotopes of sedimentary carbonates and nonvertebrate carbonates are another 
aspect of studies for this field. Δ'17O of these carbonates directly reflect the Δ'17O of the 
parent water. So low Δ'17O values should indicate evaporative signals of the parent waters 
when these carbonates precipitated. This can be used to identify evaporated water bodies 
(e.g., closed lakes) or to reconstruct paleo-ocean water isotope compositions. Finally, 
emerging high precision triple oxygen isotope analytical methods enable us to justify 
oxygen isotope fractionation exponents of different processes (e.g., CO2-H2O equilibrium 
process, H2O-mineral exchange process). Theoretical studies have already anticipated the 
principle of the three oxygen isotope exchanges, but experimental data from high 
precision analysis including both 17O/16O and 18O/16O are still in great demand.
	   101	  
APPENDICES 
A2.1. Summary for sensitivity test results of all parameters. 
Table A2.1 Variations for all parameters in the model within realistic ranges of each parameter.  (see supplemental Excel files) 
 
A2.2 Sample information of data from Passey et al. (2014) 
Table A2.2 Sample information and relative humidity data of samples from Passey et al. (2014) 
Sample ID                               Species/taxon/description           Location/Formation          Latitude   Longitude   Elevation  T (°C)a Rh (%)a 
Australian emu eggshell   
USA2013-Balbird-001 Unknown Baltimore, USA 39.3 -76.6 50 12.2 61.9 
USA2013-BALstarling-001 Starling, Sturnus Baltimore, USA 39.3 -76.6 50 12.2 61.9 
GON04-22-1.1 Ostrich, Struthio camelus Gona, Ethiopia 11.1 40.3 775 26.2 66.6 
ET05-AWSH-23 Ostrich, Struthio camelus Aledege WP, Ethiopia 9.2 40.4 845 24.7 63.9 
SA13M-007 Ostrich, Struthio camelus Elandsfontein, South Africa -33.1 18.2 80 16.8 72.2 
OLGO4M-11 Ostrich, Struthio camelus Olorgesaile, Kenya -1.6 36.4 970 22.9 62.3 
JHU-EGG-001 Chicken, Gallus gallus Baltimore, USA 39.3 -76.6 50 12.2 61.9 
JHU-EGG-002 Chicken, Gallus gallus Baltimore, USA 39.3 -76.6 50 12.2 61.9 
USA2013-BALchicken-003 Chicken, Gallus gallus Baltimore, USA 39.3 -76.6 50 12.2 61.9 
USA2013-BALchicken-004 Chicken, Gallus gallus Baltimore, USA 39.3 -76.6 50 12.2 61.9 
CHA2013-ZCChicken-001 Chicken, Gallus gallus Zhucheng, China 36 119.4 79 12.4 67.4 
JPN2013-OSChicken-001 Chicken, Gallus gallus Osaka, Japan (?) 34.7 135.5 10 16.1 68.0 
JHU-EGG-007 Duck, Anas Baltimore, USA 41 -74.5 50 14.2 63.8 
CHA2013-LYOstrich-001 Ostrich, Struthio camelus Linyi, China 35.1 118.3 74 13.7 67.9 
NJ-Ostrich-1 Ostrich, Struthio camelus Northeastern USA 41 -74.5 160 9.1 66.2 
USA2013-Njemu-001 Emu, Dromaeus Northeastern USA 41 -74.5 160 9.1 66.2 
K00-AB-303p4 Black rhino, Diceros bicornis Aberdare NP, Kenya -0.4 36.7 3350 10.9 72.2 
K00-TSV-226 Hippopotamus, H. amphibius Tsavo West NP, Kenya -2.8 38.8 350 26.0 63.3 
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a. Climate data are from the CRU 2.0 gridded climate dataset (New et al., 2002).  For Australian localities, temperature (T) and relative 
humidity (Rh) values are averages for the coolest four months of the year, which is the typical egg-laying season for Emu.  For Baltimore 
localities, T and Rh are averages for March through May, the spring egg-laying season during which these samples were collected.  For the 
Utah and Kenya localities (mammal samples), we use mean annual averages of T and Rh, in light of the long duration of tooth enamel 
mineralization and hence time-averaging of isotopic signals. 
 
    
 
A2.3. Triple oxygen isotope data from Passey et al. (2014) and Pack et al. (2013) 
Table A2.3. Triple oxygen isotope compositions eggshell carbonates, mammal tooth enamel apatite and diagenetic carbonates from Pack et al. (2013). 
Sample ID Species N Measured values Body T
d 18αe Calculated values 
  δ18Ocb ±c Δ'17Ocb ±c °C (CaCO3–H2O) δ18Owb ±f Δ'17Owb,g ±f 
             Wild birdss eggshell from Passey et al. (2014)         
USA2013-Balbird-001 Unknown 2 38.993 1.1 -0.213 0.014 39 1.0380 1.742 1.2 -0.087 0.017 
USA2013-BALstarling-001 Starling 2 35.643 0.6 -0.162 0.003 39 1.0380 -1.609 1.2 -0.036 0.017 
GON04-22-1.1 Ostrich 3 44.948 0.7 -0.220 0.004 39 1.0380 7.696 1.0 -0.094 0.015 
ET05-AWSH-23 Ostrich  3 46.002 1.3 -0.239 0.010 39 1.0380 8.751 1.5 -0.113 0.015 
SA13M-007 Ostrich  2 47.131 0.9 -0.229 0.001 39 1.0380 9.880 1.2 -0.103 0.017 
OLGO4M-11 Ostrich 2 44.089 0.9 -0.257 0.002 39 1.0380 6.838 1.1 -0.131 0.017 
Captive bird eggshell from Passey et al. (2014)        
JHU-EGG-001 Chicken 3 34.001 0.7 -0.168 0.002 39 1.0380 -3.251 1.0 -0.041 0.015 
JHU-EGG-002 Chicken  2 31.593 0.4 -0.160 0.012 39 1.0380 -5.659 1.1 -0.028 0.015 
USA2013-BALchicken-003 Chicken 2 34.690 0.1 -0.160 0.005 39 1.0380 -2.561 1.1 -0.034 0.017 
USA2013-BALchicken-004 Chicken  2 33.047 0.8 -0.139 0.005 39 1.0380 -4.205 1.1 -0.013 0.017 
CHA2013-ZCChicken-001 Chicken  2 33.673 1.1 -0.174 0.011 39 1.0380 -3.578 1.3 -0.048 0.017 
JPN2013-OSChicken-001 Chicken  2 32.213 0.2 -0.149 0.003 39 1.0380 -5.038 1.1 -0.023 0.017 
JHU-EGG-007 Duck 2 31.093 0.2 -0.134 0.002 39 1.0380 -6.159 1.1 -0.008 0.017 
CHA2013-LYOstrich-001 Ostrich 2 32.567 0.0 -0.130 0.003 39 1.0380 -4.685 1.1 -0.004 0.017 
NJ-Ostrich-1 Ostrich 3 33.883 0.2 -0.142 0.006 39 1.0380 -3.368 1.0 -0.015 0.015 
USA2013-Njemu-001 Emu 1 31.160 - -0.122 - 39 1.0380 -6.091 1.4 0.004 0.022 
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Table A2.3 (continued)            
Sample ID Species N Measured values Body T
d 18αe Calculated values 
  δ18Ocb ±c Δ'17Ocb ±c °C (CaCO3–H2O) δ18Owb ±f Δ'17Owb,g ±f 
Wild mammal tooth enamel from Passey et al. (2014)         
K00-AB-303p4 Black rhino 2 38.742 0.6 -0.164 0.005 38 1.0332 6.385 1.2 -0.052 0.016 
K00-TSV-226 Hippopotamus 2 36.203 0.1 -0.137 0.006 38 1.0332 3.846 1.2 -0.025 0.016 
Late Cretaceous dinosaur eggshell from Passey et al. (2014)         
Ukhaa Tolgod A7 1.1 Oviraptorid 3 25.606 0.4 -0.157 0.003 39 1.0380 -11.646 1.0 -0.031 0.015 
A5-1.1 Ukhaa Tolgod Eggshell Oviraptorid 3 33.049 1.0 -0.258 0.001 39 1.0380 -4.202 1.1 -0.132 0.015 
Ukhaa Tolgod JH1 Oviraptorid 3 34.27 0.5 -0.258 0.006 39 1.0380 -2.981 1.0 -0.132 0.015 
Ukhaa Tolgod 1GM100/975 
egg Oviraptorid 2 28.416 1.0 -0.211 0.019 39 1.0380 -8.835 1.1 -0.085 0.017 
Late Cretaceous dinosaur eggshell-associated carbonates from Passey et al. (2014)      
A5-1.2 UT Soil/diagenetic carbonates 2 26.768 1.9 -0.149 0.021 25 1.0368 -10.777 1.2 -0.020 0.017 
A5-1.3 UT Soil/diagenetic carbonates 2 26.676 2.3 -0.121 0.006 25 1.0368 -10.865 1.2 0.008 0.017 
Ukhaa Tolgod JH2  Soil/diagenetic carbonates 1 29.749 – -0.140 – 25 1.0368 -7.905 1.5 -0.011 0.022 
Ukhaa Tolgod Calcite JH3 Soil/diagenetic carbonates 2 28.096 0.0 -0.150 0.005 25 1.0368 -9.498 1.2 -0.021 0.017 
Ukhaa Tolgod Calcite JH4 Soil/diagenetic carbonates 1 27.289 – -0.133 – 25 1.0368 -10.275 1.5 -0.004 0.022 
Mammal tooth enamel data from Pack et al. (2013)          
Capreolus capreolus (male)   Artiodactyla 5 15.600 0.2 -0.113 0.02 38 1.0332 -1.700 0.4 -0.027 0.026 
Cervus elaphus (male)  Artiodactyla 4 14.700 0.5 -0.150 0.02 38 1.0332 -2.600 0.7 -0.065 0.029 
Dama dama (male) Artiodactyla 6 16.800 0.3 -0.076 0.01 38 1.0332 -0.500 0.5 0.009 0.024 
Sus scofa (male)  Artiodactyla 4 16.000 0.3 -0.054 0.02 38 1.0332 -1.300 0.5 0.031 0.029 
Phococena phocoena Cetacea 4 17.100 0.3 -0.087 0.01 38 1.0332 -0.200 0.5 -0.002 0.029 
Crocidura leucodon  Eulipotyphla 5 18.000 0.3 -0.160 0.01 38 1.0332 0.700 0.5 -0.074 0.026 
Suncus etruscus  Eulipotyphla 3 17.200 0.9 -0.217 0.02 38 1.0332 -0.100 1.1 -0.132 0.034 
Oryctolagus cuniculus  Lagomorpha 4 19.800 0.2 -0.085 0.01 38 1.0332 2.500 0.4 0.001 0.029 
Homo sapiens (male)  Primates 4 15.700 0.2 -0.113 0.02 38 1.0332 -1.600 0.4 -0.028 0.029 
Elephas maximus (male, 
subadult) Proboscidea 5 17.900 0.1 -0.109 0.01 38 1.0332 0.600 0.3 -0.024 0.026 
Loxodonta africana  Proboscidea 13 19.700 0.1 -0.075 0.01 38 1.0332 2.400 0.3 0.011 0.016 
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Table A2.3 (continued)            
Sample ID Species N Measured values Body T
d 18αe Calculated values 
  δ18Ocb ±c Δ'17Ocb ±c °C (CaCO3–H2O) δ18Owb ±f Δ'17Owb,g ±f 
Apodemus flavicollis  Rodentia 3 17.300 0.4 -0.208 0.03 38 1.0332 0.000 0.6 -0.122 0.034 
Apodemus sylvaticus (1)  Rodentia 4 18.000 0.4 -0.250 0.01 38 1.0332 0.700 0.6 -0.164 0.029 
Apodemus sylvaticus (2)  Rodentia 2 17.100 0.4 -0.187 0.04 38 1.0332 -0.200 0.6 -0.102 0.042 
Cricetus cricetus Rodentia 4 17.100 0.2 -0.147 0.02 38 1.0332 -0.200 0.4 -0.062 0.029 
Dipodomys sp. Rodentia 3 20.300 0.4 -0.216 0.03 38 1.0332 3.000 0.6 -0.131 0.034 
Mus musculus domesticus  Rodentia 3 15.500 0.5 -0.213 0.02 38 1.0332 -1.800 0.7 -0.127 0.034 
Rattus norvegicus (juvenile)  Rodentia 4 19.400 0.2 -0.224 0.02 38 1.0332 2.100 0.4 -0.138 0.029 
Sciurus vulgaris (1)  Rodentia 5 12.000 0.2 -0.223 0.02 38 1.0332 -5.300 0.4 -0.137 0.026 
Sciurus vulgaris (2)  Rodentia 1 17.600 0.5 -0.199 0.05 38 1.0332 0.300 0.7 -0.113 0.059 
a. Number of analyses, where each analysis involves acid digestion of carbonate to produce CO2, reduction of CO2 by H2 to produce H2O, fluorination of H2O to 
produce O2, and analysis of the gas on a Thermo MAT 253 mass spectrometer, as described in Section 2.2. 
b. δ18Oc and Δ17Oc are isotopic compositions of O2 generated from carbonates samples; δ18Ow and Δ17Ow are calculated parent water oxygen isotope 
compositions.  
c. Values are the absolute difference between pairs of analyses. 
d. Temperatures are based on the following: Birds and mammals: generic body temperature estimates. 
e. Fractionation factor for eggshell carbonates is 1.0380, a combined mineral-water and acid digestion fractionation as determined by (Passey et al., 2014). For 
diagenetic carbonates, follow calculations in Kim and O’niel (1977) and multiply by a fractionation factor of 1.0081 (Kim et al., 2007). 
f. Values are based on standard error propagation using the 95% confidence intervals error reported in Passey et al. (2014) for  and 
. Average external precision for δ18Oc and Δ'17Oc measurements are 0.7‰ (1σ) and 0.01‰ (1σ) (Passey et al., 2014). Then, errors used 
in the propagations are 1.96 × S.E.M, where S.E.M. are generic errors.  S.E.M. = average external precision/ 𝑁 (N is number of analyses). 
g. Calculated using Δ'17Ow = Δ'17Oc + 103ln18αCaCO3–H2O × (0.528 – λCaCO3–H2O), where λCaCO3–H2O is 0.5245 for all samples. 
18αCaCO3–H2O = 1.0380 ±  0.0008
λCaCO3–H2O = 0.5245 ± 0.0003
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A2.4. Matlab scripts for body water model 
A2.3.1. Function: alpha1 (see supplemental files) 
A2.3.2. Function: alpha2 (see supplemental files) 
A2.3.3 Script for standard emu body water model (see supplemental files) 
 
A3.1 𝜹13C, 𝜹18O, and clumped isotope data 
Table A3.1 Measured 𝛿13C, 𝛿18O, clumped isotope data and calculated clumped temperatures using 
Defliese et al. (2015) calibrations. 
Time Sample ID Na δ
13Ccc b 
/VPDB 
δ18Occ b Δ47 c ±
d 
T e 
/VPDB / °C 
Late Cretaceous        
Mastrichtian Shanyang Formation        
 S140519-1 1 -7.70 -10.89 0.670 0.029 34 ± 12 
 S140515-19  -8.50 -3.87     
 S140515-16 1 -9.07 -4.96 0.656 0.029 40 ± 12 
 S140517-4  -9.37 -1.09     
 S140514-7  -8.03 -6.00     
Maastrichtian
/Campanian 
Nemegt Formation        
Bugin Tsav 1.1  -4.83 -9.26     
 BB06 Bugin Tsav 2 -6.77 -7.69 0.679 0.021 31 ± 8 
 BB08 Bugin Tsav  -5.29 -8.85     
 Bugin Tsav eggshell BT1 1 -4.96 -10.11 0.702 0.029 23 ± 10 
 Bugin Tsav eggshell BT2  1 -5.43 -9.76 0.692 0.029 26 ± 11 
 Bugin Tsav eggshell BT3  -4.38 -8.90     
 Bugin Tsav 1GM100/1189 1 -6.14 -10.67 0.679 0.029 31 ± 11 
 Bugin Tsav BT4  -5.20 -9.15     
Campanian Djadokhta Formation        
 Ukhaa Tolgod JH1 1 -5.27 -2.81 0.662 0.029 37 ± 12 
 Ukhaa Tolgod 1GM100/975 1 -4.28 -9.31 0.702 0.029 22 ± 10 
 A5-1.1 Ukhaa Tolgod  -7.10 -4.99     
 Ukhaa Tolgod A7 1.1 3 -5.42 -12.09 0.692 0.017 26 ± 6 
 Djadokhta Formation dinosaur-associated carbonates     
 A5-1.2 UT  – –     
 A5-1.3 UT  -5.59 -12.22     
 Ukhaa Tolgod JH2  1 -2.42 -10.19 0.690 0.029 27 ± 11 
 Ukhaa Tolgod Calcite JH3 1 -3.00 -11.41 0.679 0.029 31 ± 11 
 Ukhaa Tolgod Calcite JH4 1 -4.91 -12.00 0.702 0.029 23 ± 10 
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Table A3.1 (continuted)      
Time Sample ID Na d
13Ccc b 
/VPDB 
d18Occ b D47 c ±d 
T e 
/VPDB / °C 
Campanian Djadokhta Formation        
(continued) A26-Bayn-Dzak 1 -4.47 -9.98 0.691 0.029 26 ± 11 
 Bayn Dzak 1GM100/1150 3 -4.41 -11.19 0.694 0.017 25 ± 6 
 Bayn Dzak 16M 100/1154 4 -7.21 -8.05 0.691 0.015 26 ± 5 
 Bayn Dzak 1GM100/1154-2  – –     
 Two Medicine Formation        
 UCM-377-1 2 -11.30 -15.07 0.580 0.021 77 ± 12 
 UCM-377-2  -10.46 -15.50     
 UCM-377-3  -11.19 -14.82     
 UCM-948-1  -11.52 -12.06     
 UCM-948-2  -11.53 -11.37     
 UCM-948-3  -10.57 -10.88     
 UCM-949-1  -13.35 -16.23     
 UCM-949-2 2 -13.82 -11.85 0.609 0.021 61 ± 11 
 UCM-949-3  -13.52 -13.77     
 UCM-378-1  -9.27 -12.50     
 UCM-378-2 2 -10.73 -10.12 0.622 0.021 55 ± 10 
 UCM-378-3  -9.62 -10.89     
 UCM-952-1 1 -9.16 -12.10 0.580 0.029 77 ± 17 
 UCM-952-2  -9.39 -11.06     
 UCM-952-3  -10.48 -9.71     
 Jingangkou Formation        
 S090723-D2# 1 -7.48 -3.61 0.653 0.029 41 ± 12 
 Jingangkou Formation        
 L110813-D2#  -8.95 -6.97     
 L120625-D3 1 -8.75 -2.47 0.611 0.029 60 ± 15 
 L120722-D3 1 -7.45 -7.86 0.603 0.029 64 ± 15 
 L101209-D2  -6.28 -8.63     
 L100525-D2-1  -9.24 -6.23     
 L110712-D2 1 -9.04 -10.20 0.655 0.029 40 ± 12 
 L100510-D6#  -7.94 -7.60     
 L100601-D5  -8.16 -6.88     
 L100525-D2-2 1 -9.24 -4.84 0.604 0.029 64 ± 15 
 L100509-D2C  -8.00 -3.73     
 L110816-D1 1 -10.06 -6.10 0.596 0.029 68 ± 16 
Santonian Jiangjunding Formation        
 L120630-D1# 1 -8.19 -6.58 0.603 0.029 65 ± 15 
 L130605-D1 1 -7.51 -8.42 0.616 0.029 58 ± 14 
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Table A3.1 (continuted)      
Time Sample ID Na d
13Ccc b 
/VPDB 
d18Occ b D47 c ±d 
T e 
/VPDB / °C 
Early Cretaceous        
Albian Cedar Mountain Formation        
 UCM-264-6-1 2 -11.73 -4.55 0.578 0.021 78 ± 12 
 UCM-264-6-2  -12.55 -5.99     
 UCM-264-6-3  -11.51 -4.50     
 UCM-861-1 2 -12.82 -9.25 0.599 0.021 67 ± 11 
 UCM-861-2  -11.27 -4.14     
 UCM-861-3  -12.81 -6.35     
 UCM-157-1 1 -11.47 -7.20 0.597 0.029 68 ± 16 
 UCM-157-2  -12.00 -6.78     
 UCM-157-3  -9.90 -6.18     
 Xinminpu Group        
 G140616-A 1 -6.97 -10.18 0.685 0.029 29 ± 11 
Late Jurassic        
Oxfordian Morrison Formation        
 UCM-418-1 2 -8.91 -5.00 0.531 0.021 110 ± 16 
 UCM-418-2  -11.09 -6.60     
 UCM-418-3 1 -9.12 -5.12 0.591 0.029 71 ± 16 
 UCM-418-4 2 -8.98 -5.10 0.531 0.021 110 ± 16 
 UCM-532-1-1 2 -9.50 -5.09 0.597 0.021 67 ± 11 
 UCM-532-1-2 1 -8.40 -8.79 0.615 0.029 59 ± 15 
 UCM-532-1-3 1 -8.53 -7.71 0.506 0.029 130 ± 26 
 UCM-532-1-4  -8.82 -4.80     
 UCM-656-1 2 -9.18 -3.68 0.596 0.021 68 ± 11 
 UCM-656-2  -7.25 -5.93     
 UCM-656-3 1 -8.84 -4.16 0.488 0.029 146 ± 30 
a. Number of clumped isotope analysis.        
b. 𝛿13Ccc and 𝛿18Occ are stable isotope values of carbonates reported in VPDB scale. These analyses were 
directly made on the CO2 generated from carbonates samples. We report high precision 𝛿13Ccc and 𝛿18Occ 
values for samples that have been analyzed for clumped isotopes. Other 𝛿13Ccc and 𝛿18Occ values are from 
traditional stable isotope analysis using an automated extraction system. Notice that, 𝛿18Occ/VPDB and 
𝛿18Oc/VSMOW can be related through: 𝛿18Oc/VSMOW = 1.0082 × [(1.03086 × 𝛿18Occ /VPDB + 30.86) + 
1000] - 1000.      
c. Values relative to the ‘carbon dioxide equilibrium scale’ or CDES. An acid correction factor of 0.082‰ 
was applied to normalize these data to the 25 °C phosphoric acid reaction scale.     
d. Average external precision for Δ47 measurements is 0.015‰ (𝜎). Then, errors used in the propagations 
are 1.96 × S.E.M, where S.E.M. are generic errors = average external precision/ 𝑁 (N is number of 
clumped analysis).       
e. Paleotemperatures calculated using linear regressions through the theoretical Δ47-temperature calibration 
from DeFliese et al. (2015): Δ47 = 37120/T2 + 0.2784.        
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A3.2 EBSD and EDS images of selective samples 
  
Figure A3.2. EBSD results (colored images) and EDS results (red curves) of selective 
dinosaur samples. Silification is observed in sample UCM 656-1. 
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A3.3 Influences of diagenesis on Δ'17O and Δ47 temperatures 
 
Figure A3.3 Δ'17O – Δ47 map for identifying possible alteration in samples. Blue 
shadowed range shows the lower Δ'17O range of meteoric waters. Sample of lower Δ'17O 
value than this range indicates at least partial preservation of its original Δ'17O value. 
Orange shadowed range is the plausible body temperature of animals. Sample of higher 
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